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voL. 1 (1957/58) 


tHe ErEECT OF. LUBRICANT INERTIA INcHYDROSTATIC 
THRUST-BEARING LUBRICATION 


The customarily neglected effect on the load capacity of hydrostatic thrust-bearings of the 
lubricant inertia is examined here for both liquid and gaseous lubricants. It is found that for liquid 
lubricants load capacities calculated by neglecting inertia can be significantly in error even at 
normal operating speeds. For gaseous lubricants the effect is the same for low recess pressures but 
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SUMMARY 


tends to lessen at higher recess pressures. 


Symbols 


¥,0,z 


cylindrical coordinates defining the flow region 


lubricant velocity in direction 
lubricant velocity in O direction 
recess radius 

outer radius of bearing 

1% 

14/1 

lubricant pressure 

pressure in recess 

pressure at 7 = 7, (atmospheric) 
lubricant viscosity 

lubricant density 

film thickness 

mass rate of flow of lubricant 
angular velocity of the bearing 
load capacity 


load capacity with inertia neglected 


gas constant 
lubricant temperature 


Auxiliary symbols (k, a, 6, B) are defined in the text. 


The lubricant flow in most hydrostatic thrust-bearings is laminar and as such is 
governed by a differential equation which relates the pressure and viscous forces acting 
on the lubricant to the lubricant inertia. It is customary in the analysis of these bearings 
to neglect the inertia of the lubricant in this governing equation on the grounds that as 
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long as the speeds are not too high the error which this omission introduces will be 
negligible. Just how high these speeds can be and the inertia effect still be negligible is 
of course an important question. It is the purpose of this paper to provide an answer to 
this question by evaluating the effect of lubricant inertia on the load capacity of hy- 
drostatic thrust-bearings (employing either a compressible or an incompressible 
lubricant) at high rotative speeds. 


Se Le 
Cae . 


Fig. 1. Configuration of hydrostatic thrust-bearing. 


THEORY 


The hydrostatic bearing configuration under study is shown in Fig. r with the flow 
region described by cylindrical (v7, O, z) coordinates. We shall assume the lubricant 
viscosity to be constant since it was shown by the authors! that the flow from 7% to 7, 
can be expected to be isothermal and the dependence of viscosity on pressure is negli- 
gible. We shall make use of radial symmetry (7.e., no variations in pressure or velocity 
with @) and the fact that the velocity in the z direction (7.e., across the film) is zero. 
Under these conditions the Navier-Stokes equations (see ?, for example) governing the 
steady-state laminar flow of the lubricant reduce to 


Op Ou | 4/0% 10% u“\) | ou ov? 
or + Sa 5 ‘( or? y or )| ous | 2. 
in the direction, 
020 ‘O?u or du u ov uv 
Ss he =| = ous + Ol (2) 
in the @ direction, and 
op , M{ 0®u I Qu) _ 
0z +o +5 a, (3) 


in the z direction. 


For the high speeds in question it can be shown that u will be at least an order of 
magnitude smaller than v. This eliminates the first term on the right of eqn. (r) and the 
entire expression on the right of eqn. (2). Furthermore, since 
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we see that (i) the second group of terms in the expressions multiplied by viscosity 
in eqns. (1) and (2) are of order (h/7,)? as great as the first terms and, since (h/79) is of 
order ro~*, can be neglected at any speed, (ii) the pressure gradient in the z direction 
(across the film) is of order ro~* as great as the pressure gradient in the r direction: 
hence it can be neglected. The basic equations then reduce to 


dp 0?u v 
qa tH ye a (4) 
in the 7 direction, and 
0? 
Es ==: (5) 


in the @ direction. The term on the right of eqn. (4) represents the inertia effect which is 
seen to increase with speed as expected. If inertia is neglected, the set of eqns. (4) and 
(5) lead to the usual solutions for the hydrostatic thrustbearing given in the literature. 
We shall now proceed to solve these equations with the inertia term included in order 
to evaluate its effect on the load capacity of the bearing. 

The velocity v can be found by integrating eqn. (5) twice, subject to the boundary 
conditions that v = oatz = 0, andv = wratz =h. We obtain 


v= — (6) 


Substituting this into eqn. (4) we reduce our problem to the solution of only one 
equation, namely 


024 dpb orwz? 
Ye ear. h? (7) 


We can find u by integrating eqn. (7) twice, subject to the boundary conditions that 
u = oatz = oandz = h. We obtain 


1dpz(z—h) rw? a(z8 — A) 
pdr 2 ph? 12 


uU 


(8) 


Substituting this into the following expression defining the mass flow through the 


bearing 
h 
Mm = 2770 i udz (9) 
JO 
we obtain (after rearranging) 
dp 6mm, 3erm io 
dy = movh® © 0 


The second term on the right side of this equation measures the inertia effect. This is 
as far as we can go toward determining the load capacity without specifying the 
density variation. In the work to follow we shall first consider the case of incompressible 
lubricants (such as oil) and then the case of compressible lubricants (such as air). 
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INCOMPRESSIBLE LUBRICANT 
If we treat @ as a constant in eqn. (ro), we obtain upon integration 


6m 
‘a In + 
moh 


where 


%=1(% (12) 


and py is the pressure in the recess. The mass flow m can be evaluated by requiring that 
the pressure at 7, be equal to fp, (atmospheric). We obtain 


6 
si n % = (fo P;) + 


moh 20 


where x, = 7,/7. The pressure can now be written 


] x £ 0)? 
P— Po= (yh) Gm + AOE [et — 1) — =) 


In ¥, 20 


In x \ 
Inv] 


(14) 


Neglecting inertia amounts to neglecting the second term on the right side of eqn. (13). 
The resulting equation is well-known. 
The load capacity of the bearing, defined by 


w = 1792 (by— Pr) +22] (p —Py)rdr (15) 


can be evaluated readily, yielding 


a1¥9*(Po — Pa) (*4° — 1 3.0(ro)® 
aac tre fr + ren Ge 1) —(x,2 + 1) In J| (16) 


where the second term on the right side is a measure of the effect of inertia. Equation 
(15) can be rearranged to read 


2 ee eee 


Wo Po—hi (17) 


where wy is the load capacity calculated with inertia neglected (given by the first 
term in eqn. (15)) and 


Hise (#2 + 1)Inxy —(42—1)| (18) 


The factor k is tabulated in Table I for various values of 7/19. 
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TABLE I 


(10 k 


fo) 
0.0102 
0.0699 
0.2090 
O°4479 
0.8024 
1.2850 


SWWN DH 
OnNouUom 


| 


We note that inertia tends to reduce the load capacity by an amount proportional to 
the square of the speed. As an example of the magnitude of this effect, consider a 
hydrostatic thrust-bearing with an 7, of 1 inch, an 7, of 3 inches, a recess pressure of 3 
atmospheres, and using an oil with a density of 0.032 lb. per cu. in. (0.887 g per cu. cm) 
(note that the viscosity of the lubricant is not a factor). We find from equation (16) and 
Table I that at a speed of about 2700 r.p.m. the error in load capacity due to neglecting 
inertia is 10%. Since speeds of this magnitude are common we see that the inertia effect 
is quite significant for incompressible lubricants. 


COMPRESSIBLE LUBRICANT 


If we consider the lubricant to be an ideal gas its density variation can be expressed as 


Q= ae (19) 


where the gas temperature 7 is assumed to be constant and known. 
Equation (ro) can now be written 


— =— a + prp (20) 
where 
ae se (21) 
and 
ican. 2 
Equation (20) can be rearranged to read 
© (°) — 2prpt = — 78 (23) 
Further rearrangement leads to 
= (pet) = — Bem (24) 
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which can be integrated to 


Fe eed se ba Pret LA aceon NORA (25) 


pre fr = — a {2lInr — fr? 4 Teh 3-3! 


where C is an integration constant determined by the fact that the pressure in the 
recess is known (i.¢., p = py at 7 = 1%). . 
Evaluating this constant and introducing the following dimensionless quantity 


2 
ome = es 
Equation (25) becomes 
B2 (x4 — B3(x6 — 1) 
pe B** —_ p,2e 8 = —a [zn x B(x® —1) + ye = t) “ = ; | (27) 


The quantity a (containing the mass flow m) can be evaluated by requiring that the 
pressure at 7, be equal to f, (atmospheric). 


We obtain 
pote" B — Pyte7 Ba" 
Ps 
B?(4,4—1 (28 
ain +, — B(x,2 — 1) = = sbeees ) 


The pressure is now expressed by eqn. (27) with @ as given by eqn. (28). With inertia 
neglected (7.e., B = 0), the expression for the pressure reduces to 


1 o 
p? — po” = (P1* — Po?) st (29) 


In ¥ 


which is well-known, 


The load capacity of the bearing, defined by eqn. (15), is difficult to express analytic- 
ally for the case of a compressible lubricant and is therefore best obtained by numerical 
means. We programmed the integration of equation (15), using 80 intervals, on an 
IBM-650 digital computer to obtain the load capacity of a gas bearing with an 7/75 
value of 3. The result of this work is shown in Fig. 2 in the form of a plot of w/w, against 
the factor B (a measure of the inertia) with £,/p, as a parameter. We see from this 
figure that for low recess pressures inertia tends to reduce the load capacity as we would 
expect from the incompressible lubricant analysis since the lubricant (gas) is more 
nearly incompressible at low than at high recess pressures. We see further that as the 
recess pressure is raised the effect of inertia on the load capacity lessens. As an indication 
of the importance of the inertia effect we note here that the abscissa value of 0.4 
corresponds to a rotative speed of about 125,000 r.p.m. if 7) is one inch and the lubricant 
is air at 80° Fahrenheit (27° Centigrade). 
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Fig. 2. Load capacity ratio vs. inertia parameter for a gaseous lubticant. 
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SUMMARY 


The analysis of the mechanism of wear between metal surfaces is dependent on the distribution 
of the real area of contact, i.e. the mechanism of contact. Assuming a simple model which represents 
the profile curve of the metal surface, the number and size of the individual areas of contact can 
be deduced theoretically. Considering three types of wear for steel or cast iron (mechanical wear, 
Fe,O, film wear, and Fe,O, film wear), the theoretical wear rate concerning each type of wear can 
also be deduced. In general, one of the three types of wear does not occur individually, but two or 
three types occur together. Moreover, the combination of three types of wear may be dependent on 
the velocity of sliding and the load between the surfaces. From this relationship between the mecha- 
nism of wear and the velocity or the load, the complicated variation of the actual wear rate with 
velocity or load is discussed theoretically. 


ZUSAMMENFASSUNG 


Uber den Verschleissmechanismus zwischen Metaloberflaéchen: Ausgangspunkt bei der Analyse 
des Verschleissmechanismus zwischen Metaloberflachen ist die Verteilung der wirklichen Be- 
riihrungsflachen, d.h. der Berithrungsmechanismus. Unter der Annahme eines einfachen Models, 
das die Profilkurve der Metaloberflache darstellt, lassen sich Zahl und Grésse der einzelnen Be- 
rihrungspunkte theoretisch ableiten. Fiir Stahl und Eisen werden drei Verschleisstypen (Mecha- 
nischer Verschleiss, Fe,O,-Filmverschleiss, Fe,;0,-Filmverschleiss) in Betracht gezogen, um die 
theoretischen Werte des Verschleissverhaltnisses bei jedem dieser Verschleisstypen berechnen zu 
k6nnen. Imallgemeinen tritt nicht nur einer der drei Verschleisstypen allein auf, vielmehr verlaufen 
zwei oder drei Typen neben einander. Ferner hangt der Anteil der drei Verschleisstypen wahrschein- 
lich von der relativen Gleitgeschwindigkeit und der Belastung zwischen den Beriihrungsoberflachen 
ab. Auf Grund dieser Beziehungen zwischen Verschleissmechanismus und Gleitgeschwindigkeit oder 
Belastung werden die komplizierten Veranderungen der wirklichen Verschleissverhaltnisses mit der 
Gleitgeschwindigkeit oder Belastung theoretisch er6rtert. 


I. INTRODUCTION 


It is generally accepted that two nominally flat metal surfaces pressed together 
under an applied load are held apart by small asperities and that the real area of contact 
is composed of these several individual areas. A study of the number, size, and distri- 
bution of the individual areas, generally called “junctions”, provides important in- 
formation as to the nature of the sliding process, in particular, about problems connect- 
ed with metal transfer and wear. 
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Assuming a simple model which represents the profile curve of metal surface, the 
relationships between the applied load and the number or size of the individual areas 
have been deduced. Making further simple assumptions as to the nature of the sliding 
process, simple laws for three types of wear have also been deduced: 
mechanical wear, Fe,O, film wear, and Fe,Q, film wear. 

On the basis of these theoretical deductions the influence of velocity and load on 
wear are discussed. 


Il, MECHANISM OF CONTACT 
r. Statistical analysis of surface irregularities 


When the distribution curve that is obtained from the profile curve of the surface 
in Fig. r has a normal distribution, we have 


where /(w) = probability density, 
u = deviation from the median line of the profile curve, 
o = standard deviation. 


L . Distribution  “ Distribution 
Profile curve Abbott’s bearing curve histogram curve 


Fig. 1. Method of drawing distribution curve from profile curve. 


Then the number of surface units! between u = yw and u = yw + du (Fig. 2) is given by 
Nf(u)du, 


where N = total number of surface units contained within measured length L. Hence 


Fig. 2. Profile curve and distribution curve. 
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the number of intersections of the profile curve on the parallel line w = yw will be 
Nj} (“)Jeo, 
where eo = projection of one surface unit. 
When many asperities on the profile curve have an equal base angle 9, we obtain 


Neo = Ltan6. 


And so the number of asperities crossed by the parallel line w = y is 


“Nj(ueo = a tan 6 f(u). 


When a parallel line is brought close to the profile curve, consider the beginning of 
contact where w = /o (corresponding to the z coordinate z = 0 in Fig. 3). Then consider 
M asperities into contact resulting from the movement of the parallel line through 
unit distance. In other words, MW is the number of asperities per unit depth, and from 
the above analysis M is given by 


Ve <1 tan @ {feo — 1) — 10) = 


where / is dependent on N, and on L. Hence 
roa(—2 
: ry jl j? L (1) 
Milam oh ee ee BE Pe 
2V 20 [exp (am) 7 gl 


where H is the maximum height of asperities given by H = jo (j is dependent on the 
measured length L used for measuring 77). 


(a) Contact between the metal surface and the ideal flat surface. We assume that the 
metal surface has the same profile curve in any direction, the number of asperities per 
unit depth J is given by 


I I 
Mis [ENveatlo— | [ENveotla— 0| = {;Neeot(t)] [:Nveottt| 
where L,Ly = area ofthe metal surface (apparent contact area between two surfaces), 
N, = total number of surface units contained within measured length Ly, 
Ny = total number within Ly. 
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Then 
M = “= tant [{ tee — 1) \"— {100} = 


_ f® exp (— 1?) 
820 


(b) Contact between two metal surfaces. In this case substituting H = /H a+ H2 
in eqn. (2)?, we obtain 


"2 pes 2 ; } 
m = 1_2xP ( ) [exe jl i ( ¥ 
87 VH?+H,2 2(H,? + H,?) 
qt ifs Lily 
<x exp 5 } 7 : = tan24, 
VH?+H,2 2(H+ H,?) (Ras hee (3) 


where H,, H, = maximum heights of asperities of two surfaces. 
When H, is equal to H,, 


72 haf / , 12 
uM =! aL - eons we d 5 ex 
167 Ney 4H? 


We can deduce 7 = 5.0 when the maximum height of asperities H is measured using 
the following values of measured length L: 
i= 6.3 minty vor H <= 0.8.53 
Jo mami for, -0:8. =H. On, 
We Simin tOl en er Oren Hae. (Kel). 
And we can deduce / = 3.3 when the apparent contact area Ly, is in the order of 
Io mm X 10 mm (ref.?) In this case 


M = 0.925 X 1075 {exp (: 1.675 6.255 5 i} x 
1 1 


I I eae 
x [exp (15.67 H, 6.25 ai) ae 7 uae (5) 


Fig. 3. Contact model between the profile curve and the ideal flat surface (z = 0). 


2. The number and size of the individual areas of contact 


The model which represents the profile curve of metal surface is shown in Fig. 3. 
In this modelit is assumed that the surface contains a large number of conical asperities 
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of equal base angle 0, and that the asperities are evenly distributed in depth (the z 
direction) ; i.e., there is one asperity at each of the z coordinates z = 0, h, 2h, BD, ace 3, Chae 
Thus, there are M asperities per unit depth, where 


When an ideal flat surface is pressed against the model surface under a load IW, 
consider the movement of the ideal surface through a distance z = nh (mn asperities 
into contact) (Fig. 4). Since we may assume plastic deformation of the metal occurring 
at the contact’, the flow pressure /,, should be constant under any load. In this case 


n—I n—I 2 
w= ey Nay? pm = Ly a(n —r)h coté Pm = 


Y U r=o0 


N= 1% 
_ __ "pm YY : aN apm {i f f | Bf 
= aie Mita lent en 
r=o0 


F apm n3 
—* M? tan26 es Bie AR 


Hence the theoretical number of the individual areas n is given by 
ied a) w. 
apm 
Size of the individual areas can be written as 


n 
M?tan2?6@ 


2 
nar? = afin — »)h eot8} = (n —r)? 0 =.0)1, 2). sgt Te (7) 


Substituting eqn. (2) in eqns. (6) and (7), we can estimate the theoretical number 
and size of the individual areas of contact between the metal surface and the ideal flat 
surface. 


Also, the total contact area A is given by 


i I 


I 
A = 2 = ta 
4 ay ae (8) 


r=0 
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The distance through which the ideal flat surface moves into the model surface under 
the applied load W is given by 


apg 
i (3 ed ;) wh s (9) 


mpm M 


Fig. 5. Contact model between two profile curves (z = wh). 


In the case of contact between two metal surfaces (Fig. 5), 7, za,?, and nh can be 
written as 


2M? tan? @\4 
n= (’ as *) We : (10) 


pm 
Ses It 
may" WE jantae” y)2 fh = tO4 Te? eee (n—1), (11) 
12 tan2@\% 
nh = {= |) pt, 2 
is ( APmM c 


where AZ is given by eqn. (3) or (4). 


3. The electrical contact resistance 
In Fig. 5 the electrical contact resistance R resulting from the movement of the 
surface through a distance z = nh can be written as 
7 


I ut 
ce an I 29 (13) 


Y=0 2arh Tay”, 


where A = specific conductivity of two metals (assumed equal), 
o = resistance per unit area due to the metal surface films (assumed to be 


constant thickness on each surface). 
Hence in eqn. (13) 


i 2arh 


is the spreading resistance and 


is the film resistance?) >. 
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Then 
Roma AY : = 
Zs I 
"afi(n— an cote }a n= Toms) cot 
n 2 : 
- . I I 80 
™=1 Ancotdr | ah? cot?6 r2 = 
where 
_ _84gQ_ 
~ th cot@ 
For large value? of 
n n b n 
Yan 3 boner) twee F2 
Si rary Y Lenaary nb + b yaw 
r=1 r=I f= 1 
=n + 2.306? log (1 + ‘): 
Hence 
8ho Ao \? ahcoté 
> Wa cot ( -) — Ah cot (= sy) + 2.30Ah coté (=) log( oe Blo n). 
Combining this equation with eqn. (10) we obtain 
I 18M tan6\% 8A20 (12M? tan?6\4 
ee yi Q yt 
R Mi ( Dm? if a ( apm ea? 
147.2A30?M tan@é { I Ped Ne 
ait iT assis $\. 
Ei ei 8i0 (so as) x (14) 


Then, if the contact resistance is mainly metallic, the resistance being the spreading 
resistance, 
ee iy 18M tan@\$ 4 
ties ae ee 


Also, if the contact resistance is mainly due to the surface films, the spreading resistance 
being negligible, 
I I 


R iy 20pm 


W. (16) 
The theoretical resistance can be estimated with eqns. (14), (15) or (16). 


4. Discussion 


Assuming a simple model which represents the profile curve of the metal surface, 
the number and size of the individual areas of contact can be deduced theoretically. 

These theoretical deductions are discussed in the light of experimental evidence; for 
example, the deduced relationships between the applied load and the electrical contact 
resistance or the distance through which the one surface cuts into the other surface 
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are compared with the results of experiments. It is seen that the agreement between 
experiment and theory is quite good?:®, 


III. MECHANISM OF WEAR 
1. Three types of wear 


In this section we shall consider the wear produced by the continual formation and 
shearing of metallic junctions between sliding surfaces. 

When metallic junctions are formed between similar metal surfaces the shearing may 
occur in two different ways. If the junctions are formed in the absence of the oxide 
film, metal-to-metal contact, shearing will rarely occur at the interface itself but will 
take place within the bulk of the metal, because the process of deformation and welding 
produced by the intense pressure in the region of contact will work-harden the junctions 
and appreciably increase their shearing strength. In this case there will be considerable 
removal of metal and metallic wear particles. 

If the junctions are formed in the presence of the oxide film which is not broken up 
by the deformation of the underlying metal, shearing will occur at the interface between 
the oxide film and the bulk of the metal. Under these conditions the amount of oxide 
removed will be very small in comparison with the metallic wear particles, and for steel 
or cast iron the oxide wear particles produced are largely of the composition Fe,Os. 
When the sliding velocity and the load are raised, we may expect that a local melting 
of the metal at the points of contact will be caused and that the composition of the 
oxide will be Fe,O,. 


Consequently, for steel or cast iron three types of wear may be considered: 
mechanical wear (metallic wear particles), 
Fe,O, film wear (Fe,O, wear particles), 
Fe,O, film wear (Fe,O, wear particles). 
It is the principal aim of this report to deduce theoretically the wear rate relative 
to each type of wear. 


2. Theory of mechanical wear 


Making simple assumptions as to the nature of the sliding process, simple laws of 
mechanical wear have been deduced. 

The assumptions that are made in deducing the theory are as follows: 

(a) Size and distribution of the total area of contact. As shown in Section II. 2, the 
number u and the size za,? of the individual areas of contact are given by eqns. (ro) 
and (11). 

(b) Process of continual formation and shearing of metallic junctions. We employ the 
simplifying assumptions, which are essentially those previously used by RABINOWICz’. 
The location of the two areas forming a fully established circular contact of radius a, 
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(c)/ See 
Fig. 6. Idealized representation of a single contact in sliding surfaces. 


at zero time is shown in Fig. 6 at (a), while the position a short time later, after a sliding 
distance x, is shown at (b). After sliding a distance 2a,, the contact area under consid- 
eration has been reduced to zero (Fig. 6 (c)); in addition, it is assumed that at this 
moment a new similar contact area of radius a, has just been fully established elsewhere 
in the surface, since the total area of contact is directly proportional to the applied load. 

(c) The shape of the wear particles. Assuming that the process of shearing of metallic 
junctions is of the type indicated in Fig. 6, there are two simple assumptions that can 
be made regarding the volume AB of a given wear particle. 


AB = 9a,*, (17) 


where @ is a constant. This implies that the depth of the material removed is constant. 
This type of wear is shown, for example, when oxide film wear occurs. 


AB= par, (18) 


where y is a constant. This implies that the depth to which the material is torn is 
proportional to the radius of the contact area, i.e., statistically the shape of the wear 
particles is independent of their size. Assuming hemispherical wear particles of the same 
radius as the contact areas, the constant y is given by 


2 
Pee (19) 


Assuming conical wear particles with the base of the same radius as the contact areas 
and with the base angle 6, p is given by 
I 
y= hk tan 6. (20) 
For the mechanical wear the most probable shape of the wear particles is that of 


the conical particles. This is suggested by the profile curve of the metal surfaces where 
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the wear process remains of the steady-state type. Consequently, this case gives the 
following expression for the volume AB: 


AB= sna’ tan 0. (21) 


From assumptions (a), (b) and (c), the wear rate Q,, 7.e. the total mechanical wear 
per unit sliding distance for the whole surface, can be written as 


nM— I = 7 


AB 


r=o0o Fi (ay 


From eqns. (10), (rr) and (22) it follows that 


t 
t tan@ W. a 


= G Pan 
This is similar to the equation of ARCHARD® and is obtained essentially by replacing 
ARCHARD’S concept of hemispherical wear particles by conical ones. 
The main conclusions that are derived from the theory are: 
(a) The wear rate is proportional to the load W. 
(b) The wear rate is independent of the apparent area of contact. 
(c) The wear rate is independent of the velocity of sliding. 


| 
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Fig. 7. Idealized model of the process of oxide film wear in sliding surfaces. 


3. Theory of FeO, film wear 

Fig. 7 illustrates diagrammatically the process of the oxide film wear produced on 
an asperity of the upper surface moving over the lower surface at a velocity V. This 
asperity is considered to expose clean metal when the shearing of the junction occurs, 
but on the surface of the clean metal a thin layer of metal oxide will form rapidly. The 
volume AB ofa given wear particle, 7.c. the amount of oxide removed from this asperity 
is given by 

AB = nad dK 2ay (24) 
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where d = the thickness of the oxide film formed in time ¢ during which this asperity 
moves a distance s (Fig. 7). 
Then 


[== (25) 


The empirical relation for the initial stage of oxidation of a clean iron surface is 
given by® 


d=y loge(~ ae :) P (26) 


where 7 and 7 are constants. As the value of the constant t for oxidation of iron runs 
from 2.6 to 10.4 sec®, ¢/t is much smaller than unity in the case of the sliding process. 
The thickness of the oxide film d, therefore, is approximated by 


t 
Peal poe 


and 


n Ss 
a=1-. (27) 
t I 


Substituting eqn. (27) in eqn. (24) 


Ae ea 
Tt I 


Assuming that the process of continual formation and shearing of metallic junctions 
is similar to that for the mechanical wear (Fig. 6), the wear rate Qo, 7.e. the total Fe,O, 
film wear per unit sliding distance for the whole surface, can be written as 


iN Alley aang eo: 
0, = Ds = ae = V ~ Sar (28) 


The average distance s between two neighbouring asperities on a plane upon which 
n individual areas of contact (eqn. (10)) exist is given by 


where Ly, = the apparent contact area between two surfaces, 
Ly 
7 4/n = the number of the individual areas along one edge L, of the apparent 
y 
contact area, 


and the summation is carried out for the individual areas along L,. From eqn. (11) 
it follows that 


a—tT 
Dm = beyat ) 2ar — Ave 
ty r=0 ere 
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Ss 


Hence 
as VIeky n 
V/n 2M tan6’ 


Ss 


When Ly is equal to Ly, 


‘os Ie n 
~ a/n 2M tano° (29) 
Substituting eqn. (29) in eqn. (28) 
= F15(5 n ia Lei ff fe n n® 
2 22 V\a/n 2M tand Dy a Akg VA (— serena) 4M tan 
r=0 


a nH I L 3 I 
= n ns 
8 t V\M tané 2M? tan?@ i 


Combining this equation with eqn. (10) we obtain 
as ew 
0, = at? (2) LW ore w}. (30) 


This is similar to the equation of UHLIc® and is obtained essentially by replacing 
UHLIG’s contact model between the metal surface and the ideal flat surface by contact 
model between two metal surfaces. 

The main conclusions that are derived from the theory are: 

(a) The wear rate is approximately proportional to a square root of the load W2, 
since the first term is generally larger than the second term in eqn. (30). 

(b) The wear rate is approximately proportional to the length of one edge of the 
apparent contact area. 

(c) The wear rate is inversely proportional to the velocity of sliding V. 


4. Theory of FeO, film wear 
Similarly, the wear rate Qg, 7.e. the total Fe,O, film wear per unit sliding distance, 


can be written as 

Reed | ee Ue car, eee 
a= 225 {( yuw farsa 4 E (31) 
where constant 7’ is different from the constant for the Fe,O, film wear, since these 
constants are dependent on the temperature. 


5. Discussion 


The experimental evidence for the theory will be considered. In Table I, the ex- 
perimental values of the mechanical and the Fe,O, film wear given by some workers 
are compared with the theoretical expressions calculated from their data using eqns. 
(23) and (30). The following comments may be made: 
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TABLE I 


EXPERIMENTAL AND THEORETICAL WEAR RATES 


(a) MECHANICAL WEAR 


Wear rates 


No. Metal Load Velocity Se ae 
Experimental* 


Theoretical** (from eqn. (23)) 


10.69% 21.6kg/em? o0.15m/sec Q=0.0058 x 2g/em*100om = Q,= 8.4 ~ 33.9'10-§ cm3/cm 


Carbon = 0.131°10-§ cm3/cm 
steel eS 
2 Castiron 46.3kg/cm2~ 0.4 m/sec Q=3.6 X 2g/cm*10om Q, = 18.1 + 72.7-10-§ cm3/cm 
= 81.3:10-§ cm3/cm ; 
3 Mild steel 2kg QO = 15 g/cm Q, = 0.78 w 3.14:10-8§cm3/cm 


== 1.92°1O~"cm/em. 


(b) Fe,O, FILM WEAR 


Wear rates 


No. Metal Load Velocit ~ — —<——=—=——— ——— 
s eo : ‘ Experimental* Theoretical** (from eqn. (30)) 
4 0.69% 21.6 kg/cm? 0.05 m/sec Q = 0.0033 X2g/cm?-10oom Q, = 0.0252:10-§cm3/cm 
Carbon = 0.0745: 10-§ cm3/cm 
steel 


* The experimental values for No. 1, No. 2, and No. 4 were given by Oxosut!®, and for No. 3 by 
RABINOWICZ AND TABOR. 
** The several values in eqns. (23) and (30) are as follows: : 

Ike 


0 = 2x8 degree (H, = I~ 10 p), = 1 Cl, Upyi—= t.5) ako = keyom = oe 458 A/sec. 


(a) In the results for No. 2 and No. 3, there are fairly good agreements between the 
theoretical and the experimental values. 

(b) For No. r and No. 4, the experimental differ from the theoretical values. This dif- 
ference may be largely due to the intermixture of two types of wear; 7.e. in the experi- 
ment for the mechanical wear (No. r) the Fe,O, film wear also occurs, and in the experi- 
ment for the Fe,O, film wear (No. 4) the mechanical wear is also produced. 


IV. INFLUENCE OF VELOCITY AND LOAD ON WEAR 
1. Combination of three types of wear 


In general, none of the three types of wear occurs individually, but two or three types 
occur together. Moreover, the combination of three types of wear may be dependent 
on the velocity of sliding and the load between the surfaces. We shall deduce theoretic- 
ally the relationships between the combination of three types of wear and the velocity 
or the load. 

Factors that will influence the combination of three types of wear are as follows: 

(a) Size of the junctions. The individual areas of contact are not of the same size, 
but have the size distribution. If there are m junctions for any thickness of the surtace 
oxide film, then large junctions are formed, breaking through the film owing to the 
deformation of the underlying metal, and small ones are formed in the presence of the 
film. Consequently, in the former mechanical wear will be produced and in the latter 
Fe,O, film wear or Fe,O, film wear. 
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(b) Thickness of the surface oxide film. The thicker the oxide film becomes, the more 
numerous are the junctions that produce Fe,O, film wear or Fe,O, film wear. 

(c) Local temperature rise at the points of contact. For the oxide film wear, the wear 
particles produced are generally of the composition Fe,O3, but when the velocity and 
the load are raised we may expect that a local melting of the metal at the points of 
contact will be caused and the composition of the oxide will be Fe,O,. 


2. Size of the junctions 


As shown in Section IT, 2 and II. r, the number u and the size za, of the junctions 
are given by eqns. (10), (rr) and (4). In eqn. (4) the size of the unit depth for estimation 
of MZ must be similar to the amount of the distance through which the one surface 
moves into the another under the applied load W, the distance of invasion. Therefore, 
strictly speaking, M is dependent on the load W. Hence the strict relationships between 
the size of the junctions and the applied load can not be deduced merely by combining 
eqn. (rr) with eqn. (4). 

Assuming that the size of the unit depth is equal to’ the amount of the distance of 
invasion, our mechanism of contact gives the following expression for the number and 
the size of the junctions??: 


(LxLy) Oat tan2 0 


(cio Eee carne Hp agri (32) 
‘ pn H,8 2 I see : _ 
ay? = 6.45 LO (Ey) tan®@ de Y wii Y= Oy By 2st ores (nm I), (33) 


where W =1r ~ 20 kg 
bm = about 1.5-104 kg/cm?, 
L,Ly = about 10mm xX Io mm, 
Hf, in p, ay in p. 

The relationships between the size za,? and the load W can be estimated by sub- 
stituting eqn. (32) in eqn. (33), but they are very complicated. However, from eqn. (33) 
the maximum radius of the junctions (a,) mq, and the average diameter of the junctions 
(2ay)m can be written as 

Paro Wh ry 
(igi ane oy 7 


(a7) max = (2@7)m = 1.43 ° 10° 


Combining this equation with eqn. (32) we obtain 


i Hy ; 
(a1) max = (24r)m = I-11 Pa (Lay) tand Wee (34) 


This means that the maximum radius or the average diameter of the junctions is 
proportional to W®-142 and is independent of the velocity. 
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3. Thickness of the surface oxide film 


As shown in Section III. 3, the thickness of the Fe,O, film is given by 


dala VLxLy 
qusis 1 ! VIrky n 7 = | saat Ee ek 5) 
tV tV\ Wn 2M tané tV\ Vn 
Substituting eqns. (32) and (34) in this equation we obtain 
am q) ae fe “4 4 0.358 0.358 A, I 
4= ay {1.13 107 py?** (LzLy) iand Wor 
A 
Tan TeO: : EE (SO) 


bu (LxLy) tan@ 


where W isin kg, H, in , Pm in kg/cm’, L,Ly in mm?, d in mm, 9/T and V in the 
same unit. 

This means that the thickness of the Fe,O, film is inversely proportional to V and 
approximately proportional to W—°-358, since in eqn. (36) the first term is generally 
larger than the second term. 

Similarly, the thickness of the Fe,O, film d’ can be written as 


: n/t ert : Ay, I 
fr fg eed aia ; 4 4 B58 Te Ten Vee eens 
me: I.I4°10 Dm ( x y) tan@ wos 


= bare I HA, 0.142 
fee hs Gs C0) Dae (Lada) tan 6 W (37) 


Fig. 8. Idealized model for calculating the local temperature rise at a point of contact. 


4. Local temperature rise at the points of contact 
In Fig. 8 the force AF required to shear a junction is given by 
AF = aap°S, (38) 
where S = the shearing strength of the metal. 
The rate at which the shearing energy is expended will be 
E= AFV. (30) 


If we assumed that all of the mechanical energy associated with the shearing process 
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is converted into thermal energy, then the amount q of heat developed per unit time 
per unit area will be 
tune 
oe Jaa?’ 


where J = the mechanical equivalent of heat. 
Combining this equation with eqns. (38) and (39) 


SV 
Beare (40) 
As the base angle @ of conical asperities is very small (1° ~ 15°)?, this heat g can 
be regarded as a steady-state heat source on the surface of the semi-infinite body, and 
the mean temperature 7 in this heat source can be written as? 


where K = the thermal conductivity, 
A = the area factor, 
T, = the room temperature ; 
the shape of the junction is approximated to the square having one edge 24,. 


For the square 
A = 0.95. 
Then 
qar 


Tes ero eee 
0 0.4 K 


Substituting eqn. (40) in this equation we obtain 


Peal O48 
af 


Ea: (41) 


This means that the local temperature rise at the points of contact is proportional 
to V and a). 

As T is generally much larger than To, for the maximum point of contact we put 
ay = (ay)max (eqn. (34)) in eqn. (41) and find 


ike = VW 
tT A, 


ae “107° 2 
at 0.533 10 JK pm (LxLy) tan@ (4 ) 


where J is in kg-m/kcal, K in kcal/m-h-°C, S in kg/m?2, V in m/h, Tin °C, H,in w, LyLy 
in mm2, /,», in kg/cm?, W in kg. 

It may be seen that after any raising of the velocity and the load the temperature 
rise associated with the shearing process comes to the melting-point at the maximum 
point of contact and production of FeO, film wear begins. 


References p. 490 


488 G. YOSHIMOTO, T. TSUKIZOE VoL. 1 (1957/58) 


The thickness d,, of the melting layer is given by 


2K 
dm = =*(z a Tm.) , 


when we assume that the temperature T across the whole of the shearing interface is 
constant and the temperature Ty),p, (melting-point) across the whole of the interface 
between the melting layer and bulk of the metal is constant also and that there is a 
steady temperature drop along the depth of the melting layer. Substituting eqns. (40) 
and (42) in this equation we obtain 


2jK 0.143 : 

$ (vw “ — Tm. 4) 
Y I H, 
oa ae tan@ z 


dm oe 


S 
y = 0.533;10° —- 
aes 


when y VW°-142>T yy p.. 

This means that the thickness of the melting layer increases with the velocity and 
the load. 

Equations (34), (36), (37) and (42) can be used to estimate three factors (size of the 
junctions, thickness of the surface oxide film, and local temperature rise at the points 
of contact) as a function of the velocity and the load. 


Q,+ (Q5)Q3 


| Q)+Q5 | Q,: Mechanical wear 
a Q2:FesO3 film wear 
Q3:Fe3O, film wear 


Fig. 9. Dependence of wear rate on velocity (theory). 


5. Influence of velocity on the mechanism of wear 


Fig. 9 shows the ways in which the mechanism of wear and the total wear rate 
Q =, + Q2 + Qs depend on the velocity. The variation of the oxide film thickness 
and the melting layer thickness with velocity at a constant load are estimated with 
eqns. (36), (37) and (43). The term “‘limit of oxide film thickness” is used to denote 
the maximum limit ; i.e. when the oxide film thickness rises above that limit the oxide 
film is not broken up by the deformation of the underlying metal even at the maximum 
point of contact and all junctions produce oxide film wear but no mechanical wear. 
From eqn. (34) the maximum radius of the junctions increases with the load and is 
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independent of the velocity. Consequently, the limit of oxide film thickness is indepen- 
dent of the velocity (Fig. 9). 

In Fig. 9 the ways in which the mechanism of wear changes and the wear rate varies 
are as follows: 

(1) V<V,. Since the Fe,O, film thickness is greater than the limit of oxide film 
thickness, only Fe,O, film wear occurs. In this case, from eqn. (30), the wear rate is 
inversely proportional to the velocity. 

(2) V;<V<V,. Since the Fe,O, film thickness is less than the limit of oxide film 
thickness, Fe,O, film wear and mechanical wear occur together ; 7.e. small junctions 
produce the former and large ones the latter. The mechanical wear rate is much larger 
than the Fe,O, film wear rate, and the total wear rate increases rapidly with increasing 
velocity above V,. 

(3) Va<V<Vj,. Since the local temperature rises above the melting-point, Fe,O, 
film wear also occurs. From the relation of the mechanical wear magnitude to that of 
the total wear, the wear rate reaches a maximum at V3. 

(4) Va<V<Vg,. The mechanical wear does not occur. From the variation of the 
oxide film thickness the wear rate reaches a maximum at Vs. 


Limit of oxide film thickness 


=_— -— = 
—_— 


| W, Wa Ws Wa Ws We 


Ww 
| -as-raragl!- as Qp+Q5> (Qo)+Q3 >=— 04+ (Q9)+Q5— 


Q;: Mechanical wear 
Qe: Fe,O3 film wear 
Q3:Fe3O, film wear 


Ww 
Fig. 10. Dependence of wear rate on load (theory). 


6. Influence of load on the mechanism of wear 

Similarly, the ways in which the mechanism of wear and the wear rate depend on 
the load are shown in Fig. ro. The variation of the oxide film thickness, the melting 
layer thickness, and the limit of oxide film thickness with load at a constant velocity 
are estimated with eqns. (36), (37), (43) and (34). 


7. Discussion 

The experimental evidence for the theory will be considered. Fig. 11 shows the 
variation of the wear rate with velocity or with load, which is summarized from many 
experimental results given by various workers (W. EILENDER AND W. OERTEL??, 
K. Dies’, B. KEut AND E. SIEBEL!°, M. OkosHr!"anp K. OGAWA"). The agreement 


References p. 490 


490 


G. YOSHIMOTO, T. TSUKIZOE voL. 1 (1957/58) 


Fe, O3 film wear 


— | —sle mechanical wear >be— Fe3O, film wear —— 


Wear rate 


Velocity or load 


Fig. 11. Dependence of wear rate on velocity or load (experiment). 
/ 


between this summary of experiments and the theory shown in Figs. 9 and ro is fairly 
good. 

We can conclude that by reason of the variation of the mechanism of wear with 
velocity or load the ways in which the wear rate depends on the velocity or the load 
are very complicated (Figs. 9, r1oand 11), and that for the same reason the variation of 
the wear rate with velocity is similar to that with load. 

In this paper the experimental background is incomplete and it is clear that 
further work is necessary. 
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A SIMPLE APPARATUS FOR STUDYING THE WEAR OF 
TUNGSTEN CARBIDE 


J. GOLDEN anp G. W. ROWE 


Tube Investments Research Laboratories, Hinxton Hall, Cambridge (Great Britain) 


SUMMARY 


This paper describes a simple apparatus which has been used for experiments on the transfer 
v1 radioactive tungsten carbide to steel and copper during moderate speed sliding under various 
conditions. A flat plate of metal 6 inches in diameter is rotated beneath a small tungsten carbide 
slider which carries loads up to 4 kg and moves radially inwards. The resulting wear track forms a 
close spiral about twenty feet long. A great advantage of the method is that zones of the metal 
plate can be treated differently and the effects on transfer of the active slider can be studied in 
detail from autoradiographs. It is found that the wear rate adjusts very rapidly (within a few milli- 
seconds) to a change in the plate surface. 


ZUSAMMENFASSUNG 


Ein einfacher Apparat zum Studium der Reibung von Wolframkarbid auf Stahl und Kupfer 
wird beschrieben. Bei massiger Geschwindigkeit und bei verschiedenartiger Beschaffenheit der 
Oberflache werden radioaktive Wolframkarbidteilchen auf die Unterlage tibertragen. Hierbei dreht 
eine flache Platte von 15 cm Durchmesser unter der Wolframkarbidprobe, die mit einem Gewicht 
von maximal 4 kg belastet wird. Bei der konzentrischen Bewegung entsteht eine Spiralspur von 
ungefahr 6 m Lange. Ein wesentlicher Vorteil der Methode besteht darin, dass man getrennte Zonen 
der Metallplatte verschieden vorbehandeln kann. Auch die Materialiibertragung kann man in allen 
Einzelheiten untersuchen, durch die Reibungsspur auf einem photographischen Film, der durch 
die radioaktiven Teilchen belichtet wird, festzulegen. Es zeigt sich, dass die Verschleissgeschwindig- 
keit sich sehr schnell, innerhalb einiger Millisekunden, an eine Veranderung der Oberflachenbe- 
schaffenheit der Metallplatte anpasst. 


The use of radioisotopes to measure the wear of rubbing surfaces is now well known 
and many experiments have been made to estimate wear under equilibrium conditions 
when the sliders are well run-in’2. The method has also been used for short straight 
tracks to study the metallic transfer resulting from single traversals of the slider®. 

Our early experiments were made with short straight tracks and it was found that 
the rate of transfer was greatly modified by sliding a second time over a track. When 
tungsten carbide was sliding on mild or stainless steel the transfer was smooth and 
steady, and almost the entire quantity was firmly attached to the steel. When, however, 
there was repeated sliding, ten times in each direction, a high proportion (10-30%) 
of the wear was loose and scattered over the surface?. 

In a study of the transfer for single traverses a long track is desirable to avoid com- 
plications from starting and stopping. Either a helical or a spiral track may be chosen, 
but a flat plate with a spiral track allows autoradiographs to be taken easily under 
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uniform pressure and is also readily photographed for comparison. This is of particular 
advantage since it is found that the wear of tungsten carbide on both copper and steel 
is critically dependent upon the surface condition but not on previous running, and 
it is therefore possible to study the wear under a number of different conditions on a 


single specimen. 


APPARATUS 


Fig. 1 shows the significant details of the apparatus. A small slider A is traversed 
in a close spiral over the plate B under a dead load applied by the weights W. 


Fig. 1. A general view of the apparatus. A small slider A is held in a spring-restrained support and 
is moved radially inwards over the specimen plate B, which rotates at 5 r.p.m. Loads up to 4 kg 
are applied by weights W at the end of an arm pivoted on the guide rod R. 


1. Slider 


The small radioactive tungsten carbide slider used to produce a localised track is 
a 2.2 mm slice cut from a hemisphere of tungsten carbide. The radius is chosen to be 
about 4 mm since this gives a convenient depth of track under loads up to about 4 kg. 
The weight of the active tip should clearly be as small as possible, to reduce the total 
amount of radiation, but on the other hand it is necessary to hold the tip very securely 
in the apparatus, so that no rolling motion is possible. 


2. Holder 


A spherical seating is provided inside the base of the brass holder H and the tip is 
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forced against this by a set screw. The holder itself is screwed against a locating flange 
in the brass carriage C by a single-turn screwthread, so that the tip and holder may be 
extracted quickly and transferred to a separate lead-shielded polishing enclosure 
without exposing the operator’s hand for more than a few seconds. This is found 
preferable to introducing a complicated remote-controlled transfer device. 


3. Carriage 

The carriage C has two Vee grooves which run against the polished silver-steel guide 
rod R. The weights locate this fulcrum when the tip is in position against the plates, 
but a light spring is provided to hold the carriage when the tip is raised. 

The table carrying the 6”’ diameter specimen plate is driven directly by the shaft of 
a worm reduction-gear at 5 r.p.m. A small electric motor giving 30 in.-lb. torque is 
used. The driving shaft projects below the gears and carries a brass extension which 
is machined to form two bobbins, one 0.010”’ greater in diameter than the other. A 
length of carpet thread is wound onto the smaller bobbin and is passed over two pulleys 
to bring it over the plate at the level of the carriage where it passes round a further 
pulley to the larger bobbin. Thus as the plate is rotated by the shaft the thread is 
wound onto the larger bobbin and effectively decreases in length, so pulling the tip 
in its carriage radially inwards and generating a spiral about 20 feet long. The pitch 
of the spiral can be varied if desired by slipping thin cylindrical shells over one of the 
bobbins but this would be necessary only when very wide tracks are produced, for 
example on soft organic polymers. 


4. Friction 

The tip holder H is not held rigidly in the carriage when assembled but is connected 
to it by two pairs of flat calliper springs S. These can deflect a small distance, tangential 
to the spiral and proportional to the frictional force applied. The deflection must be 
kept small to avoid distorting the track, so it is magnified optically using the lens L 
to project an image of the slit S onto a moving-paper camera. The slit is formed be- 
tween the ground edges of two plates, one attached to each side of the spring system. 
The camera trace is calibrated to give directly the friction force. 


5. Hotplate 

For experiments at elevated temperatures a small 500 watt hotplate is mounted 
beneath the turntable. The radiation and convection from the stationary plate allows 
the rotating specimen to reach temperatures up to about 200°C. 


WEAR ASSESSMENT 


The specimen plate is located by three small holes fitting over three pins on the 
rotating table. It can easily be removed and the wear may be assessed by transferring 
the whole plate to a jig built into a lead castle containing a 6’’ diameter scintillation 
counter. The total weight of worn material can thus be measured accurately. 
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It is, however, often more informative to use a simple autoradiograph. These can 
easily be produced with this type of specimen plate by placing an X-ray type film 
in contact with the active surface. To give the best definition it is advisable to apply 
a uniform pressure of about 1 lb./in.? by a weighted plate resting on a sponge-rubber 
pad above the film. When the film is developed after several hours exposure the black- 
ening may be calibrated and measured by a microdensitometer. Obviously a stack of 
six or eight specimen plates can be built up for simultaneous autoradiograph production. 
Subsequent simultaneous development enables direct comparison to be made between 
plates without precise control of exposure and of developing times and temperatures. 
Calibration of the autoradiographs is made in the following way. A few mg of radio- 
active bonded tungsten carbide is treated with a mixture of equal volumes of 10% 
sodium hydroxide solution and 30%, potassium ferricyanide solution. The mixture is 
kept hot (about 80°C), and after two hours only a negligible amount of tungsten is left 
undissolved. From this solution a set of standard dilutions is made. Lengths of J. & P. 
Coats’ machine cotton thread No. 80 are degreased with carbon tetrachloride, soaked 
in these dilutions, dried and counted under standard conditions in comparison with 
a known weight of solid bonded carbide. Short pieces of these threads which thus 


é Reduced in repr. x 2/3 
Fig. 2. (a) A photograph of the copper plate 7C,. (ful! size) 
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contain a determined amount of active tungsten per unit length are exposed with the 
wear specimen. It is found that these radioactive threads produce a uniform auto- 
radiograph blackening closely similar to that of a wear track. A range of thread thick- 
nesses is available which enables a range of wear track widths to be matched. When 
the autoradiograph is examined with the microdensitometer beam, runs are also made 
across the thread images. It is found that if the threads are dried under tension very 
uniform autoradiograph images are obtained (see Fig. 2c). 


RESULTS 


The greatest advantage which has been found with this apparatus is that zones on 
the plates can easily be treated differently, for example by exposing consecutive zones 
to increasing periods of oxidation or by depositing various concentrations of solid 
lubricant from solvents. Fig. 2 shows an autoradiograph print of a specimen plate 
compared with an actual photograph. This specimen was a copper plate abraded with 


Reduced in repr. x 2/3 
Fig. 2. (b) A print of the autoradiograph obtained from 7 C,. The wear rate in the ammonia-leached 
and washed zone (left) is very nearly equal to that in the HCl-leached and washed zone (right). 
The central zone, remaining as abraded under methanol gives a much lower wear. 
A polished carbide tip (inner circuits) wears faster than an etched tip (outer circuits). 
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silicon carbide papers of progressively finer grade down to 0000 under a flood of benzene 
acting asa degreasing fluid. After this treatment, a large section of the plate was leached 
with x : r hydrochloric acid, washed with water and air-dried. A further section of the 
plate was similarly treated with r : 3 ammonia solution. The central portion of the 
plate was left untreated. As can be seen from the figure, the wear rate of both polished 
and etched carbide sliders for this zone is markedly less than for the leached zones. 
It has been subsequently confirmed that the abrasive treatment under benzene leaves 
the surface in a condition giving a falsely low wear rate. This kind of wear study is 
possible since on both copper and steel specimens the wear rate of bonded tungsten 
carbide is adjusted extremely quickly to the mechanical and chemical condition of the 
surface. Print enlargements of autoradiographs and of actual photographs of wear 
specimens have been accurately compared as shown in Fig. 3. A polished tungsten 
carbide tip was used to produce a spiral track, under a load of about r4 kg, on a copper 
plate which had been prepared by abrasion on 5 grit papers under a flood of benzene. 
The portion shown in the left-hand side of Fig. 3 had been washed with dilute ammonia 
followed by distilled water to clean the surface, but a narrow border of hydroxide resi- 
due was left untouched by the water. This crosses the prints vertically at the right-hand 
side and shows dark in the optical photograph and light on the autoradiograph print. 
There happens to be the hooked end of an outer track in the vicinity which enables 
us to make accurate measurements. 

We can measure the direct distance from the hooked end H of the track to the start of 
the hydroxide zone on the optical print and to the start of the increased white intensity 
on the autoradiograph print. It is then found that the distances agree within 0.08 cm, 
after allowing for a 1.015 magnification ratio between prints, determined from the 


Reduced in repr. x 2/3 

Fig. 2. (c) A print of an autoradiograph of eight samples of radioactive thread. They were dipped 
in the same radioactive tungsten solution. Fairly good reproducibility of image is obtained 
along a given length and between lengths. 
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track spacings. The actual magnification of the print was 6.2, so it appears that the 
distance travelled before the slider becomes adjusted to its new environment is of the 
order of 0.015 cm (150 w). The linear speed in the central track is a little over 2 cm per 
second, so the time of adjustment is about 7 msec. Further experiments on another 
apparatus running at higher speeds has shown that adjustment can occur in about 
3 msec when crossing a zone boundary of this type. When the slider passes from a heavy 
deposit to a clean area, as on the right-hand edge of the border in Fig. 3, some of the 
deposit is carried forward and on this plate the transit distance is roughly doubled. 


H 
1 B 


Reduced in repr. X 2/3 


Fig. 3. Enlargements of optical and autoradiograph prints of a portion of a plate similar to 7C,. 
Distances are measured from the reference point H to the zone border BB. 
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When, however, the change in wear rate is caused by a mechanical shock, such as the 
tip encountering a scratch on the plate, the high-speed apparatus shows that the time 
of readjustment is even less than the 3 msec quoted above. 

This prompt adjustment of the wear rate makes the apparatus very suitable for 
this kind of study. Only a few millimetres of track are necessary to establish a value 
for the wear rate in a chosen zone and the repeated traversals of a given zone by the 
spiral circuits enable good averages to be obtained on a single plate for each of eight 
or more variables®. 


ACKNOWLEDGEMENTS 


We thank the Chairman of Tube Investments Ltd. for permission to publish this paper. We also 
wish to thank Mrs. B. J. Francis, Mr. D. J. BALDWIN and Mr. S. H. BouT Le for their assistance. 


REFERENCES 


1 M. KERRIDGE AND J. K. LancastTER, Proc. Roy. Soc. (London), A, 236 (1956) 250. 

2 J. F. ARCHARD AND W. Hirst, Proc. Roy. Soc. (London), A, 238 (1957) 515. 

3 E. RaBrnowicz AND D. Tasor, Proc. Roy. Soc. (London), A, 208 (1951) 455. 

4 J. GOLDEN AND G. W. Rowe, Brit. J. Appl. Phys., (in the press); for abstract see p. 527. 

J. GOLDEN AND G. W. Rowe, Unesco Isotope Conf., Paris, September, 1957 ; for abstract see p. 527. 


a 


Received January 17, 1958 


VOL. 1 (1957/58) WEAR 499 


REVIEW ON MARGINAL AND PARTIAL HYDRODYNAMIC 
LUBRICATION * 


H. BLOK 


Depariment of Mechanical Engineering, Technical University, Delft (The Netherlands) 


INTRODUCTION 


Since Professor CHRISTOPHERSON’S review** has already dealt with hydrodynamic 
lubrication in general, the present one can be confined to the more specialized pro- 
blems that arise when conditions are adverse to realizing hydrodynamic lubrication 
to the full. Such problems relate to the fields of ‘‘marginal” and ‘‘partial’’ hydrody- 
namic lubrication. 

There are several factors that can make conditions adverse or beneficial through 
their influence on the extent to which critical phenomena that set a limit to full 
hydrodynamic lubrication are brought into play. To mention only two of these 
phenomena: 

(a) If the resultant of the pressures generated hydrodynamically in the film becomes 
smaller than the load imposed on the rubbing surfaces concerned, direct contact 
will then occur between these surfaces, with possibly serious consequences in the 
way of wear and friction. In short, there will be a transition from full, via mar- 
ginal, to partial hydrodynamic lubrication. 

Especially when speeds are high, full hydrodynamic lubrication may well be 


S 


maintained, but temperatures of the lubricant and of the rubbing surfaces may 
become intolerably high. Sometimes this phenomenon is brought about by the 
occurrence of unstable thermal equilibria (BLoK?) ***, so that there is a transi- 
tion to the next stable equilibrium, which usually lies at a high temperature 
level. 
In what follows three of the aforementioned factors will receive particular atten- 

tion, ViZ.: 

(r) the initial geometry of the rubbing surfaces in their unloaded state. Microge- 
ometry (roughness) is included. 

(2) the reversible changes in geometry occurring in service by elastic and thermal 
deformation and the irreversible ones by running-in and wear. 


* This review will be published in the Official Proceedings of the Conference on Lubrication 
and Wear, 1957, arranged by the Institution of Mechanical Engineers, London, Reprinted in 
Wear by permission of that Institution. 

** To be published in the Proceedings of the Conference on Lubrication and Wear, 1957. 

*** Normal references are numbered. The Appendix gives an alphabetical list of authors of papers 
read at this Conference. 
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(3) the response of lubricants to the conditions to which they are subjected in the 
lubricating film. 

A concise review will be given of current knowledge about these factors, and their 

effects, each under its appropriate heading, v7z. 

Part I: Marginal Hydrodynamic Lubrication, and 

Part II: Partial Hydrodynamic Lubrication. 


I. MARGINAL HYDRODYNAMIC LUBRICATION 
1. Effects of the initial geometry of the rubbing surfaces in their unloaded state 


In judging these effects it proves useful to distinguish between ‘‘conformal”’ and 
“counterformal” rubbing surfaces. The first type is characterized by the fact that 
each surface fits more or less upon or into the other, e.g. a pad on a thrust collar, a 
journal in a sleeve bearing, and a piston ring in a cylinder. Cownterformal surfaces 
can be defined as surfaces which do ot fit upon or into each other. This geometry 
is typical of surfaces such as obtain in a pair of mating gear teeth or in rolling bearings. 

In contradistinction with Professor CHRISTOPHERSON’S review, considerable 
attention is here devoted to the lubrication of counterformal surfaces. Judging 
merely from the classical theory of hydrodynamic lubrication, it might seem that 
the potentialities for hydrodynamic lubrication are much better with conformal 
than with counterformal rubbing surfaces. However, as will be shown under section 2, 
several of the assumptions underlying the classical theory break down when marginal 
hydrodynamic lubrication is to be considered. The refined theories recently developed 
for counterformal rubbing surfaces confirm earlier experimental findings that with 
such surfaces the potentialities for hydrodynamic lubrication can be much better 
than is indicated by the classical theory. 

A few words about the potentialities and applicability of hydrostatic lubrication 
are here appropriate. By definition, this type of lubrication is characterized by the 
fact that the formation of pressures in the lubricating film, in contrast to hydro- 
dynamic lubrication, does not depend on pumping energy imparted to the lubricant 
in the film by the motion of one or both of the two rubbing surfaces relative to the 
film, but on an external pump. The pump is then connected to a suitable zone of 
the film, that is, generally to the area of closest approach between the two rubbing 
surfaces. 

Owing to the fact that in hydrostatic lubrication the two main functions of any 
bearing, viz., the pumping function and the supporting function, are completely 
segregated, the potentialities of this type of lubrication are much better than those 
of hydrodynamic lubrication. In fact, in the latter type of lubrication, the two main 
functions concerned are combined into one and the same element, the lubricant- 
filled clearance space between the rubbing surfaces, which here serves not only as 
the essential supporting element, but also as a pump. Now, it is a general rule in 
design that combining two or more functions usually introduces limitations in the 
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performance of the constructional element concerned that do not occur, at least not 
to a comparable extent, when the functions are segregated. 

Thus, in hydrostatic lubrication the designer acquires more freedom than in hy- 
drodynamic lubrication. This freedom can be utilized for relieving the limitations 
obtaining with hydrodynamic lubrication. For instance, when speeds are so high that 
difficulties arise with regard to dissipating the frictional heat generated in a hydro- 
dynamically-operating lubricating film, one can resort to hydrostatic lubrication 
with a lubricant having a very low viscosity, such as air or another gas. The advan- 
tage here accrues from the fact that the pressures created in the film by the external 
pump do not depend at all on the viscosity of the pumping medium or of the lubri- 
cant. In such cases hydrostatically operated sliding bearings fill an important gap, 
since both with roller bearings and hydrodynamic sliding bearings serious difficulties 
arise that sometimes prove insurmountable. Unfortunately, for geometric and kine- 
matic reasons, hydrostatic lubrication cannot very well be applied to counterformal 
rubbing surfaces, such as gear teeth. 

Let us now consider hydrodynamic lubrication, especially its potentialities. Assess- 
ing these potentialities amounts to determining the optimum that can be achieved by 
hydrodynamic lubrication under specified conditions characteristic of the optimum 
problem to be considered. Since in this section we are concerned with the effects of 
geometry we shall confine ourselves to optima in geometry. 

Solutions to several such optimum problems are available. One of the simplest 
problems is that in which it is required to find the optimum clearance of a sleeve 
bearing of given overall dimensions (diameter and breadth). Optimum is here taken 
in the sense that the clearance sought should result in the greatest minimum film 
thickness conceivable with the specified overall dimensions and operating conditions. 
In essence this amounts to the same thing as requiring load-carrying capacity to be 
at a maximum while minimum film thickness is prescribed. The fairly simple solu- 
tion to this optimum clearance problem will be presented in the form of a diagram 
to be given in the reviewer’s contribution to the discussion on the paper by BURKE 
AND NEALE (Paper 71). 

Another optimum problem, much more involved but of a more absolute nature, 
is that solved by Lord RAyreIcu!!. Given the tangential speeds of the rubbing 
surfaces, the viscosity of the oil, the length available to the film, and the minimum 
film thickness permissible, it is required to find the optimum shape of the oil film, 
i.e. the shape with which load-carrying capacity of the film is at a maximum. The 
basic importance of the solution, which consists of a double-stepped film, is well 
recognized nowadays. It will be shown in the following section how it can be applied 
also to cases such as the counterformal rubbing surfaces of gear teeth where the 
length available to the film cannot be assessed in a direct manner. 

Still another optimum problem, relating to journal bearings, and including the ther- 
mal conditions, has been solved experimentally by BRowN AND NEWMAN (Paper 16) ; 
particulars of this have already been given in Prof. CHRISTOPHERSON’S review. 

The effects of microgeometry (roughness) of the rubbing surfaces will be consid- 
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ered mainly in Part II, since they acquire considerable importance in partial hy- 
drodynamic lubrication. 


2. Effects of the changes in geometry during service 

There are two main types of the changes in geometry occurring during service 
that are superimposed on the initial geometry of the rubbing surfaces in their unloaded 
state. One covers the permanent (irreversible) changes that are caused by wear, as in 
running-in. Such changes not only occur in the microgeometry but they often affect 
the macrogeometry as well, e.g. when the shape of a bush is changed by the localized 
abrading action of the relatively hard journal. As is shown in a previous survey by 
the present reviewer (BLOK2), it is sometimes difficult to distinguish between the 
micro-and macrogeometrical effects of running-in. Let it here suffice to state that such 
running-in effects are often beneficial in that they can promote the potentialities in- 
herent in hydrodynamic lubrication. For instance, as long as the difference between 
the radius of curvature of the bush in its area of closest approach and the journal 
radius tends towards the optimum radial clearance (cf. section 1), the resulting hy- 
drodynamic action will be favourably influenced as compared with that of the same 
bush before running-in. 

The other main type of geometrical change is characterized by its reversibility. 
In what follows, reference is made only to such changes of this type as are brought 
about by elastic deformations caused by the load imposed on the rubbing surfaces. 
Such deformations can occur in two forms, which in general are superimposed on each 
other, vzz.: 

(a) Elastic deformations ‘‘in bulk’’, which occur when the machine part bounded by the 
rubbing surface concerned deforms in bulk, either by the external forces or by 
thermal expansion and thermal stresses. 

(b) Elastic deformations that occur locally at the rubbing surfaces by the ‘‘dishing”’ 
action of the pressure exerted by the lubricating film (cf. the Hertzian contact 
deformation). 

The relevant theory is that of elasto-hydrodynamic lubrication. The effects of 
‘“‘bulk”’ deformations (item a) have not yet been studied as extensively as they 
deserve to be in view of their general importance in practice. In this connection, 
however, a notable exception is formed by the enlightening work of BusKE®. By sys- 
tematic design variations he was able to demonstrate that outstanding load-carrying 
capacities can be achieved in journal bearings if the flexural rigidity of the bearing 
shell is suitably adapted to the bending tendency of the shaft and, last but not least, 
to the hardness and thickness of the bearing metal. One of his most remarkable 
results was that with steel, which ordinarily is not considered asa satisfactory bear- 
ing material, much higher load-carrying capacities could be obtained than with 
white metal, but only in a rather narrow, optimum range of flexural rigidity. 

DE GUERIN AND Hatt (Paper 82) suggest, on the basis of their experiments, that 
such flexural deformations can also become important in the tilting-pad type of 
thrust bearings. 
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Since the pioneering work by PEppLeR®, several investigators have carried out 
theoretical work on the hydrodynamic effects of the local ‘dishing’? deformations 
induced by the pressures developed in the film. The relevant branch of elasto-hydro- 
dynamic theory is of a highly involved character, owing to the complicated interac- 
tion between these deformations and the distribution of film pressure. In fact the 
film-pressure distribution depends on the shape of the film during service, and this 
shape depends on the elastic deformations superimposed upon the initial shape of the 
rubbing surfaces in their unloaded state and thus depends in turn on the pressure 
distribution. 

A survey of most of the theoretical results obtained up to 1956 for counterformal 
surfaces, particularly for gear teeth, which are characterized by the predominance 
of local as against bulk deformations, can be found in a diagram set up by the pres- 
ent reviewer and published by PEPPLER (ref. 9, Fig. 24). The most striking conclu- 
sions that can be derived from all this work are as follows. The first two confirm 
two corresponding principles already enunciated by PEPPLER®. 

(a) According to the classical theory of hydrodynamic lubrication, in which the rub- 
bing surfaces are assumed to be perfectly rigid, the maximum film pressures 
might, if the loads were high enough, easily exceed the maximum contact pres- 
sure that would obtain by Hertz’s theory if there were no lubricant at all. But 
according to the theory of elasto-hydrodynamic lubrication, at increasing loads 
the maximum film pressures will asymptotically approach Hertz’s maximum 
pressure and will never exceed it, at least not to any appreciable extent. 

(b) At loads so high that the local deformations become appreciable, 7.e. comparable 
with those according to Hertz, the film pressures will be negligible outside of 
an ‘“‘active’”’ length of the oil film. This active length proves to be equal to the 
width of the Hertz area of contact for no oil at all. 

(c) At increasing loads, the minimum thickness of the oil film will become increasing- 
ly insensitive towards load. 

(d) By substituting the ‘active’ film length (see (b)) into the optimum theory of 
Lord RAYLEIGH™ mentioned above, it can easily be shown that the optimum 
film thickness conceivable when viscosity is constant throughout the oil film 
is wholly independent of the load. (Of course this applies only when the loads 
are so high as to make conclusion (b) valid). 

If conclusion (d) were to apply not only to the minimum film thickness conceiv- 
able as an optimum but also to that actually obtainable in practice (cf. con- 
clusion (c)), another important conclusion could be added, viz.: in cases where, 
upon entering the range of loads in which the minimum film thickness would become 
independent of load, this film thickness is greater than the height of the irregularities 
of the rubbing surfaces, the load could be increased indefinitely without any risk of 
direct contact between the surfaces. It is debatable, however, whether the assump- 
tion of a constant viscosity, and thus the present, additional, conclusion, could be 
upheld under such severe conditions. 

Some more remarks about this question will be made in Part II. 
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In the present Conference the only paper dealing explicitly with elasto-hydrody- 
namic lubrication is that of OSTERLE AND SAIBEL (Paper 35), in which the hydrody- 
namic effects of both the bulk and local deformations of the conformal rubbing sur- 
faces obtaining in the pad-type of thrust bearings have been investigated theoretically. 
For fixed pads, for which they assumed only the local deformation to be significant, 
it was found that the hydrodynamic effect was detrimental as compared with what 
would be achieved by perfectly rigid pads. On the other hand, with pivoted pads, 
where the bulk deformation due to flexure of the pad acts in conjunction with the 
local deformation, the ultimate effect was beneficial. 

There are two other papers, i.e. those on flexible seals by DENNy (Paper 47) and 
JAGGER (Paper 93), for which elasto-hydrodynamic effects might well be important 
for interpreting their rather intriguing results. In mounting seals of the annular lip 
type, for instance, a perfectly uniform distribution of the pressure exerted on the 
periphery of the shaft can hardly be realized. However, as is shown in the reviewer's 
discussion to JAGGER’S paper a non-uniform pressure distribution might well be 
conducive to hydrodynamic lubrication. This particular case of elasto-hydrodyna- 
mic lubrication proves to be very simple indeed in that the film pressure distribution 
may be conceived as given a priori, and, practically speaking, to be independent of 
operating conditions, such as speed. Accordingly, the problem belongs to the ‘‘in- 
verse” theory of hydrodynamic lubrication, which differs from the ordinary theory in 
that it is required to find the film profile corresponding with the given film pressure 
distribution, and not vice versa. 

Finally, the paper by PATEL AND CAMERON (Paper 73) on the so-called “‘foil” bear- 
ing deserves discussion here. The foil bearing represents another extreme case of 
elasto-hydrodynamic lubrication in that, practically speaking, it is completely 
devoid of flexural rigidity. In this bearing, in which a very flexible foil is wrapped, 
U-shaped, round the shaft, the foil acts as a membrane. Accordingly, there is a 
fairly straightforward relationship between local film pressure and local deforma- 
tion, and this makes for much simpler equations than in cases of elasto-hydrody- 
namic lubrication such as is typical of tooth faces. Even so, it would appear that the 
authors’ equation was not so simple as to enable them to give a method for evaluat- 
ing it. Whereas in the original inventors’ tests, in so far as they have been published, 
a transparent plastic foil was used, the present authors have used a steel foil. This 
has enabled them to measure the distribution of the temperatures developed through 
viscous-friction in the film, simply by brazing thermoelectric couples onto the outer, 
easily accessible, surface of the foil. 

It has often happened that theories originally developed for cases specific of lubri- 
cation have found other applications, and the theory of the foil bearing might per- 
haps find an interesting application where lubrication effects are not so obvious, 
viz. the frictional behaviour of belt drives, which, especially at not too low speeds, 
are known to display some hydrodynamic characteristics. A further application 
has already been found by Tapor" in the friction of textile fibres on metal pins 
or hooks serving as guides. 


References p. 510—511 


VOL. 1 (1957/58) REVIEW ON HYDRODYNAMIC LUBRICATION 505 


3. The response of lubricants to the film conditions and its effects on marginal 
hydrodynamic lubrication 

It is generally recognized that in hydrodynamic lubrication, where the lubricant 
is not only a supporting but also a pumping medium, viscosity, including its varia- 
tions with temperature and pressure, is the essential property, at least as far as liquid 
or gaseous lubricants are concerned (for greases the reader is referred to MILNE’S 
paper 102). Viscosity describes the response of lubricants to the rates of shear to 
which they are subjected in flow, e.g. in lubricating films. For the commonly used 
Newtonian lubricants viscosity is, by definition, independent of rate of shear, at 
least up to fairly high rates. For mineral oils a viscosity drop, as induced by flow 
orientation of the oil molecules, may be expected to set in when the shear stresses 
exceed something like 0.5 kg/cm? (cf. the survey by BLok?). It would thus appear 
that under conditions of marginal hydrodynamic lubrication such a viscosity drop 
may well occur. Theories or clear-cut experiments about hydrodynamic lubrication 
under these conditions are not known to the reviewer. Let it suffice to remark 
that, whenever such a viscosity drop sets in, it will be accompanied by a 
compensating effect: the shearing stresses (frictional losses) will tend to become 
smaller, and, thus the temperatures also, so that the viscosity drop is more or less 
compensated. 

The effects of the increase of viscosity with pressure can become appreciable if the 
average film pressure attains an order of magnitude greater than a few hundred at- 
mospheres. Only seldom will this occur in sliding bearings of the sleeve or pad type, 
but it will be the rule, rather than the exception, with counterformal surfaces such 
as gear teeth. It might be argued that this viscosity increase would be beneficial from 
the standpoint of load-carrying capacity. However, such an increase will also tend 
to bring about an increase in the viscous-frictional heat developed in the film. 
Therefore, in certain cases the decrease in viscosity caused by this temperature rise 
may offset, or even more than offset, the beneficial effects of pressure on viscosity. 
Consequently, it is far from generally true that the use of lubricants having a viscosity 
markedly increasing with pressure would result in appreciably higher load-carrying 
capacities than those obtainable with other lubricants. Theoretical evaluations have 
been made for several film shapes representative of actual bearings and gears that 
would indicate that, even if the film temperature could be kept the same as with a 
hypothetical oil having no dependence of viscosity on pressure at all, the load-carry- 
ing capacity would be increased by at most something like a factor of two or three. 
Such a gain is not especially spectacular as compared with the enormous increase in 
viscosity in film zones where pressures are really high. 

A very useful addition to previously published data on pressure viscosity, such 
as those given in the comprehensive Pressure-Viscosity Report issued by the ASME}, 
is given in the paper by Bo—ELHOUWER AND TONEMAN (Paper 38). Admittedly their 
experimental results, extending up to 150°C, cover only a limited range of pressures, 
viz. up to 1200 kg/cm?, but they would appear to be very accurate indeed, and in- 
clude, apart from a few mineral oils, silicones, Perfluorolube, and some pure hy- 
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drocarbons. These authors have also developed an empirical equation which is 
shown to fit their data remarkably well. 

Apart from viscosity there are other properties that in marginal hydrodynamic 
lubrication may assume some, sometimes a considerable, importance. One of these is 
density, including its variations with pressure and temperature. Thus, apart from 
inertia effects (cf. SLEZKIN AND TARG!%), the effects of compressibility and thermal 
expansibility may come into play. In this connection it is worthy of note that, 
thanks to the efforts of PETRUSEVICH!® and other Russian investigators, compu- 
tational results are now available for the lubrication of gear teeth and other counter- 
formal rubbing surfaces, in which several effects are accounted for simultaneously, 
not only the effects of viscosity variation with pressure and temperature, but also 
those of the elastic deformations of the rubbing surfaces, as well as the effects of 
compressibility of the oil. Their results confirm those mentioned in the previous 
section, namely, that the potentialities of marginal hydrodynamic lubrication 
are much better than those indicated by the classical theory of hydrodynamic 
lubrication. 

However, it would appear that even PETRUSEVICH’s theory does not yet give the 
final answer to this question. In fact there seem to be cases of gear lubrication where 
practical results are still better than the best that these theories indicate. One of the 
relevant possibilities lies in the fact that the transit times of oil particles in lubricat- 
ing films between gear teeth may easily attain an order of magnitude as small 
as 10-4 sec or less. Now, there are indications that mineral oils, for example, will no 
longer behave as Newtonian liquids when they are subjected to stresses or stress 
variations of a duration shorter than their so-called ‘‘relaxation’’ times, which 
may amount to something like 10~° sec, or perhaps even 1o~4 sec. In fact, they then 
behave rather as so-called ‘‘visco-elastic’’ liquids, which means that then such oils 
not only display the property of viscosity but also that of shear elasticity. In the 
latter respect they are comparable with elastic solids, even if there is no question of 
solidification. 

MILNE (Paper 41) has evolved a theory for hydrodynamic lubrication with the sim- 
plest conceivable type of visco-elastic behaviour, i.e. the behaviour commonly de- 
scribed as ‘‘Maxwellian’’. At first sight, his results might seem to be far from promising 
for explaining the gap still existing between practical results and theoretical ones 
such as those of PETRUSEVICH!®, However, this should not discourage those interest- 
ed in exploring the further potentialities inherent in visco-elastic behaviour, i.e. by 
considering other cases, not considered in Paper 41, that may be more promotive of 
enhanced load-carrying capacity. For instance, the possibility is not yet to be ex- 
cluded that, by exciting a visco-elastic liquid periodically during its passage through 
the film, much better results could be obtained. Such a periodical excitation could be 
brought about by the surface irregularities that are invariably present at rubbing 
surfaces; in this sense, roughness, although perhaps only in a certain range, might 
be found to promote hydrodynamic load-carrying capacity, contrary to what is to 
be expected from the classical theory of hydrodynamic lubrication. 
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Finally, attention may be drawn to the interesting considerations of JOBLING AND 
ROBERTS in Paper 104, which has already been reviewed by Prof. CHRISTOPHERSON. 


Il. PARTIAL HYDRODYNAMIC LUBRICATION 


It has been shown in the foregoing chapter that the study of marginal hydrodyna- 
mic lubrication can become very complicated indeed. In partial hydrodynamic 
lubrication, this being intermediate between the former mode of lubrication and 
boundary lubrication, even more factors come into play. In fact, not only the multi- 
tude of factors entering in the former type of lubrication, but also those character- 
istic of the latter type, such as the effects of continual changes in geometry due to 
running-in and wear, and even chemical factors, will have to be considered, all of 
them acting in conjunction. This can lead to complicated interactions. 

Therefore, as has already been shown by HERsEy’, there is a definite need for 
simplifying and generalizing expedients like dimensional analysis (see also BLOK?) 
and simplified but yet representative models (cf. SAAL!2, who correlated coefficients 
of friction of tyres skidding on wet and dry road-carpets). Unfortunately, there is no 
Conference paper in the field of partial hydrodynamic lubrication that lends itself 
well enough to applying these techniques. But there are some papers that are valuable 
in other respects, and these will be reviewed. 

CROOK AND SHOTTER (Paper 6) conclude from their experiments in a gear-simulat- 
ing disc machine that the effect of disc temperature upon the viscosity of the oil 
lubricating the contact played an important role in the initiation of scuffing. In other 
words, hydrodynamic effects were quite noticeable. Judging from the low coefficients 
of friction obtained, partial hydrodynamic lubrication must have occurred ina 
region where a substantial part of the load was carried by hydrodynamic action. If 
it is postulated, just as is often done with gear teeth, that scuffing set in at a definite 
contact temperature, it can easily be explained that scuffing did not invariably 
occur immediately after the load was imposed, but was sometimes delayed whilst 
the disc temperature increased. In fact, the contact temperature consists of two 
components, v7z., ‘‘flash’’ temperature and ‘‘bulk”’ or disc temperature, and whilst the 
former is established practically instantaneously, the latter approaches its ultimate 
level at a comparatively slow rate. 

An interesting by-product of Crook AND SHOTTER’S investigations is their finding 
that, judging from the high electrical resistance measured between the inner and 
outer race of the roller bearings of their disc machine, the rollers must have been 
supported on an essentially hydrodynamic film. 

PALMGREN AND SNARE (Paper 52) arrive at a similar conclusion when in rolling 
bearings speeds are high enough and loads light enough. In the present writer’s 
discussion on this paper it will be pointed out that current theory of hydrodynamic 
lubrication involves certain inconsistencies which would indicate that pure rolling 
without any slip, is incompatible with this theory. 

The experimental results reported by BLouUNT AND DE GUERIN (Paper 80), which 
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were obtained in a small-end bearing test set-up simulating the dynamic loading 
and oscillating conditions to which such bearings are subjected in two-stroke LCe 
engines, would appear to be well in line with the thoughts developed on elasto-hy- 
drodynamic lubrication previously (Part I, 2). Apart from the effect on load- 
carrying capacity engendered by changes in the initial conformity that occurred 
through the action of elastic and thermal deformations, and through running-in, they 
have also investigated the effects of surface finish. Their finding that the better the 
surface finish the higher the breakdown load conforms with what is known for 
bearings under steady loads. Under the most favourable conditions the load-carrying 
capacities assessed were quite high, despite the fact that even then the sliding speeds, 
and thus the hydrodynamic wedge action, were not so very pronounced. However, 
there can well have been an appreciable hydrodynamic squeeze action, which is here 
introduced by the periodical changes in film thickness caused both by the oscillation 
of the sliding speeds and by the fluctuations in the load. It may well be that similar 
transient effects play an important part in promoting hydrodynamic load-carrying 
capacity in films between gear teeth. For the tangential speeds of tooth faces relative 
to their area of closest approach vary continually during a meshing cycle. On tooth 
faces there is even a further transient effect, which so far has apparently escaped 
attention. This might be called the ‘‘winging’’ effect because it is introduced by the 
continual change of the radii of curvature of the tooth faces as their area of closest 
approach moves along them during a meshing cycle. 

When running-in can be dispensed with for achieving a conformity between the 
rubbing surfaces that is good enough for realizing hydrodynamic lubrication, par- 
ticularly if this can take place only under marginal conditions, it is important to 
finish the surfaces carefully, preferably prior to normal service. Such a finish can be 
realized either by careful workmanship or by conditioning through running-in. It 
is well-known from experience that in the latter method the running-in risks, e.g. 
of scuffing, can be reduced appreciably by suitable surface treatments. 

MIDGLEY AND WILMAN (Paper 84) have carried out a fundamental investigation 
into the essential factors in running-in phosphated steel surfaces. From the hydrody- 
namic point of view it is worthy of note that they found the type of finish occurring 
with phosphating to be one of the essential, beneficial factors. This so-called ‘‘inter- 
rupted” type of finish is characterized by the occurrence of a network of microscopic 
channels interspersed between ‘molehill’’-shaped high spots. After running-in, 
which was found to be both rapid and safe, the high spots still protruded, but in 
the form of flat plateaux, while the channels remained. From the low coefficients of 
friction measured in this conditioned state, it could be concluded that a substantial 
part of the load was then carried by hydrodynamic action. Judging from the classical 
theory of hydrodynamic lubrication, after adapting this theory to the above-sketched 
microgeometry, it would appear that the optimum configuration in terms of hydro- 
dynamic load-carrying capacity is reached when there is direct contact on the flat pla- 
teaux, so that oil flows only through the channels and nothing ‘leaks’ over the 
plateaux. Even with this optimum configuration, however, the reviewer’s estimates 
References p. 510—511 


VOL. 1 (1957/58) REVIEW ON HYDRODYNAMIC LUBRICATION 509 
indicate that the author’s conclusion about the substantial part played by hydrody- 
namic action cannot be explained for Newtonian lubricants. Perhaps a satisfactory 
explanation can be arrived at in terms of visco-elastic behaviour of the oil in the 
channels (cf. Part I, 3); even though the sliding speeds were quite moderate, the 
width of the channels is so small that the transit times of the oil particles in the channels 
must have been as short as 10-4 sec, and thus must have reached the order of magni- 
tude of the relaxation times involved. 

An illustrative example of what can be achieved by intelligent design, when it 
comes to overcoming the consequences of partial hydrodynamic lubrication, is pro- 
vided by Paper 20 of Brown AND NEwMan. They first assessed experimentally that 
the relatively narrow ‘‘safety’’ strips of gunmetal, which are used in the conventional 
type of marine turbine bearing, are not so satisfactory in that these all too readily 
give rise to scoring of the shaft when the oil supply fails. Moreover, the oilways often 
become blocked by the molten and wiped white metal, so that on resuming the oil 
supply normal oil film formation cannot be achieved. In their most successful redesign, 
in which the aforementioned drawbacks could be avoided, the safety strips have been 
replaced by a safety layer made of porous bronze, which extends over nearly the 
full breadth of the bearing and which is coated by a layer of white metal much 
thinner than in the conventional bearing. 


CONCLUDING REMARKS 


Efficient lubrication is a, if not the, most convenient and effective expedient for 
combating wear and excessive friction, and full hydrodynamic or hydrostatic lu- 
brication is the ideal achievable in ‘‘contact inhibition’’, which is the very essence 
of any attempt at lubricating. 

Particularly during the last decade there has been an increasing activity in so 
expanding the classical theory of hydrodynamic lubrication that the resulting, more 
refined theories are applicable to conditions obtaining in marginal hydrodynamic 
lubrication. This has been done by replacing the original assumptions underlying 
this theory by others that are more representative of such conditions. In most of 
these investigations not more than one of the classical assumptions has been replaced 
at a time. Thus theories, and in some cases experimental results, are nowadays 
available that give due allowance to effects not accounted for in classical theory, 
such as the effects of elastic deformations that rubbing surfaces undergo under the 
loading system consisting of the external forces and the balancing pressures created 
in the oil film (elasto-hydrodynamic lubrication), and the effects of visco-elastic, 
e.g. Maxwellian, behaviour of the oil (rheodynamic lubrication). Currently there are 
even theories in which two or more of such effects acting in conjunction are accounted 
for simultaneously. Finally, for certain conditions, an optimum from the standpoint 
of load-carrying capacity has been worked out. It would appear likely that 
this line of development will be continued in the years to come, and it is believed 
that this may meet, at least to some extent, the needs of designers in so far as prob- 
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lems in marginal hydrodynamic lubrication are concerned. On the other hand, it 
would seem that we are already approaching the stage where significant progress, in 
the sense that the results obtained theoretically are really significant for practical 
application, can be made only by delving more deeply into the response of lubricants 
to the marginal conditions concerned. Accordingly, there is now developing a def- 
inite need for more information about this response, such as visco-elastic behaviour 
and its effect on the potentialities of hydrodynamic lubrication. 

In view of the ever-increasing difficulties with wear and excessive friction that 
form one of the chief obstacles to further progress in the design of moving machine 
parts, more than ever before are designers well advised to keep abreast of modern 
development in the theory of lubrication. After all, the lubricating film is in essence 
a constructional element and, consequently, the lubricant is to be conceived as a 
constructional material (BLOK*; EDGAR, Paper 2). 
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Brief Note 
ae 


TOOL-LIFE TESTING BY FACING IN A LATHE 


v. SOLAJA 


Wolverhampton and Staffordshive College of Technology, Wolverhampton (Great Britain)* 


Tool life is directly associated with tool wear, and it may be expressed as the time 
to the destruction of the cutting edge (usually with high-speed steel tools) or to a pre- 
determined amount of wear (carbide and ceramic tools). In addition to the time-con- 
suming and expensive turning tests leading to TAyLor’s formula! 


y= CT (1) 
(v =cutting speed, 7 = tool life) a number of short methods were proposed, of which the 


one using facing cuts appears to show some advantage®~4, because it may be connected 
with eqn. (1). Thus, rearranging eqn. (1) and evaluating a mean value of v? gives 


ive 
(v4)m = in vedu/(u — Ug) = (v#tt — vg?tt)/(z + 1)(v— vp), (2) 
oul) 


and with the time of feeding the tool from D,, the inner diameter of the workpiece, 
to D, the diameter when it fails, 


T = (D— D,o)2nf = 6(u — v9) /an*7 (3) 
(vp corresponds to Dy, D to v, n = spindle speed, / = tool feed), it is possible, in prin- 
ciple, from only two tests with spindle speeds , and 7, to calculate indices z and C in 
eqn. (I) as 

2 = 2(log n4/Mq)/(log v/v.) —1, (4a) 
C = [6ve+1/an®f(z + 1)]1/# = of R/fn(z + 1)] 2, (5) 

where R = D/2. 

The value of z can be expressed by 


z= (tey + 1)/(tep — 1), (4b) 
where is the inclination of the straight line in the coordinates log n / log R. 
Experiments in which the tool does not break down in the first traverse may be in- 


cluded* by the introduction of a ‘fictive’ speed vs, viz. radius Ry, at which the failure 
would have occurred with a large enough Rmav = Rj (Dmax = outside diameter). 


vy = (ivetdy + vetr)a/(e+1), (6a) 
Ry = (iRytdh + Ret1)1/(2+1), (6b) 


where 7 is the number of full traverses. 


* Present address: MaSinski fakultet Univerziteta, 73, B. Revolucije, Belgrade, Yugoslavia. 
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From previous experiments, including the author’s work®, it seems that the derived 
values of z and C may vary appreciably from experiment to experiment. In order to 
clarify this point, a systematic research programme has been carried out at the Wol- 
verhampton and Staffs. College of Technology, Wolverhampton, England, by facing 
mild and alloyed steel with three grades of high-speed steel as well as stellite tools. All 
results are qualitatively similar, and Fig. 1 shows the dependence of z and C, and of 
the “economic speed” vg, on the tool feed from “classic” tests in turning (full 
circles) and from facing tests (circles) when finish-cutting 0.25 °/-carbon steel with 
18-4-I-+ 10% Co high-speed steel tools. 


Y60 


[Fermin] oO 
ae hae 8 Q 
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Fig. 1. The dependence of z, C and vg on tool-feed from fine-turning tests (full circles) and fine- 
facing tests (circles) on 0.25%-carbon steel with 18-4-1-+10%-Co high speed steel tools. Depth 
of cut ¢ = 0.010 in. 


In all similar diagrams, the scatter of individual points was usually within + 10%, 
though the mean of vg, from these experiments did not differ by more than 5 To es 
compared with ‘‘classic’”’ tests. Therefore, it appears that, in spite of a prohibitive 
scatter of individual results (the width of the band of scatter for ‘‘classic’’ experiments 
was only + 4%), ina systematic investigation of finish-turning the short test reviewed 
may lead to recommendations which are acceptable for practice. 

Unfortunately, the same was not obviously apparent with heavier chip cross- 
sections. For example, Fig. 2 shows various functions ” = /(R) when cutting ‘it 5 %o- 
Ni-Cr-alloyed steel; here, although the scatter of points from the mean cae lines 
is negligible, with greater values of feed the exponent 1/z reaches unrealistic values 
(0.05 and less). 
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1 2 S 4 is) 

R [in.] 
Fig. 2. Functions n = f(R) from facing tests on 1.5%-Cr-Ni-steel with 18-4-1-++ 10% Co high-speed 
steel tools. Depth of cut ¢ = 0.10 in. 


In consequence, the conclusion may be reached, that, though the short method 
of tool-life testing by facing is promising as an approximation to Taylor’s equation, 
more systematic work is needed to clarify the uncertainties about the values of the 
indices z and C. 

Similar tests conducted with carbide and ceramic tools, showed clearly that the 
method is not applicable in these cases. 


I should like to thank Mr. R. Scott, the Principal of the College in Wolverhampton, 
for permission to publish these results, Mr. H. L. HuGHEs, for much help with the English 
version of the note, and Mr. F. W. Wray, who carried out the greater part of the 
experiments. 
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Literature and Current Events 


nn 


The purpose of the following sections is to build up gradually an information centre on the various 
aspects of wear. Contributions in English are invited. All items of these 6 sections will be finally 
included in a separate ‘‘Volume-Index of Literature and Current Events’’: 

1. Systematic Abstracts on current literature for March and April 1958 as well as those for 
1955-1956 prepared by Battelle Memorial Institute appear in this issue. 

2. A selected number of Authors’ Abstracts (in English), giving more detailed information than 
the ‘‘Systematic Abstracts’, will be accepted for publication. 

3. Bibliographies on work in specialized fields or on work in languages other than those of this 


Journal, will also be published. 


4. Recent Events should assist readers in following progress reported in lectures and in finding 
the names and addresses of specialists and technical groups or societies interested in the various 


aspects of friction, lubrication and wear. 


5. Forthcoming Events will give notice of conferences, meetings, or discussion panels of interest 


to readersof WEA R. 


6. Notes on Contributors should facilitate personal contacts between workers interested in wear 


problems. 


Systematic Abstracts of Current Literature 


Prepared by Battelle Memorial Institute, Columbus, Ohio, U.S.A. 


Reprinted from Battelle Technical Review 
March-April 1958 


For introductory note see this volume p. 254 


1. FRICTION 


Coefficients of Flat-Surface Friction. 

A. O. Schmidt and E. J. Weiter. Mechanical 
Engineering, v. 79, Dec. 1957, p. 1130-1136. 
A study of the coefficients of static friction, as 
well as the ‘‘break-away’’ and kinetic be- 
havior of selected material combinations. 
Effects of initial wear and time at rest. 


Wickel- und Reibungsuntersuchungen an 
Wellen und anderen umlaufenden Maschi- 
nenteilen. 

Investigation into Winding and Friction Phe- 
nomena Related to Shafts and Other Rotating 
Machine Parts. 

Franz Wieneke. Forschung auf dem Gebiete des 
Ingenieurwesens, v. 23, Ausgabe B, VDI- 
Forschungsheft 463, 1957, 28 pp. 


A theoretical and experimental study for 
explaining the behavior of rotating machine 
parts. Friction factors, comprising the in- 
fluences exerted by the diameter and the 
superficial structure of the shaft, its circum- 
ferential speed, entity of the goods, time of 
friction, surface pressure, and influence of 
water, oil, or fat were used for determining the 
tendency of winding. 


Measuring the Coefficient of Friction in Cold 
Strip Rolling. 

Hiroshi Yamanouchi and Yuji Matsuura. 
Castings Research Laboratory, Report, Waseda 
University, 1957, no. 8, p. 57-62. 

The simultaneous value of roll force and back 
tension are measured. 


2. LUBRICATION AND LUBRICANTS 


2.1. General and Fundamentals 

Oxidation of Components of Soluble Oils. 
Lee F. Ellis, R. Samuel-Maharajah, Laura 
May Mendelow, Larry Ruth, and Hilliard 
Pivnick. Applied Microbiology, v. 5, Nov. 
1957, P- 345-348. 4 

Somponents of metalworking coolants and 
lubricants vary in their susceptibility to 


microbial oxidation. Compounds which were 
resistant to oxidation by all three pure cul- 
tures used in this study were generally resist- 
ant to mixtures of bacteria obtained from emul- 
sions used industrially. Fatty materials and 
derivatives of fatty materials were readily 
oxidized by bacteria while petroleum pro- 
ducts and wood rosin soap were resistant. 
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A Contribution to the Study of Lubricating 
Oils for Extreme Pressure by Means of the 
4-Ball Testing Machines. III. Mechanism 
of Action of Some Additives. (in Italian) 
C. Paleari, C. Siniramed, and A. Girelli. 
Revista dei Combustibili, v. 11, no. 11, Nov. 
1957, P- 715-734- ; 
Discusses conditions of boundary lubrication 
as well as the mechanism of action of those 
additives which, through the formation of 
anti-wear or anti-welding films, prevent 
seizure of contact surfaces. 


2.2. Materials 


Symposium on Steam Turbine Oils. 

106 pp. 1957. American Society for Testing 
Materials, Philadelphia. (TJ737 Am35s) 
Seven papers deal with evaluation and per- 
formance of various turbine oils, antiwear 
requirements; rusting in turbine oil systems; 
rust-preventive additives; and a laboratory 
device for the water leaching of additives in 
turbine oils. 


A Field Study of Gas Engine Lubricants. 

C. M. Floyd. Lubrication Engineering, v. 13, 
Dec. 1957, p. 647-650. 

Report field tests in both two-cycle and four- 
cycle gas engines, using both naphthenic and 
paraffinic base stocks, in detergent and non- 
detergent formulations. Effects of wear and 
cleanliness on engine are evaluated. 


2.3. Processing Lubricants 


Lubricants for Wire-Drawing Dies. I-II. 

W. M. Halliday. Wive Industry, v. 24, Dec. 
1957, P- 1145 + 3 pages; v. 25, Jan. 1958, 
Pp. 59 + 2 pages. 

Drawing-die design; bearing length; drawing 
effects on die life; die lubricant requirements. 
The forms of lubrication principally em- 
ployed are dry lubricants in the form ofa solid 
dry soap compound and wet lubricants, which 
may be a wet paste-like solution or emulsion. 


Untersuchung vonWalzélen und Walzélemul- 
sionen im Kaltwalzversuch. I.Walzversuche 
mit aus reinen Grundélen und Zusatzen auf- 
gebauten Schmierstoffen. 

Investigation of Rolling Oils and Oil Emul- 
sions in the Cold Rolling Test. I. Rolling Tests 
With Lubricants Composed of Pure Base Oils 
and Additives. 

Werner Lueg, Paul Funke, and Winfrid Dahl. 
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Stahl und Eisen, v. 77, no. 25, Dec. 12, 1957, 
p. 1817-1830. 

Investigations of lubricants currently used in 
rolling. Testing equipment, measuring meth- 
ods, and materials used. Relation between 
lubricating effect and lubricant characteris- 
tics. Influence of lubricant composition on 
rolling conditions. 


2.4. Bearings 

Ground Rules for Determining or Comparing 
Bearing Capacity Ratings. 

Leo Fiderer. Machine Design, v. 29, Dec. 12, 
1957, P. 133-142. ' 
What they are; how they are determined; 
their use in bearing selection. 


Lubrication of Aircraft Oscillating Control 
Bearings at High Temperatures. 

D. C. McGahey and R. S. Barnett. NLGI 
Spokesman, v. 23, no. 9, Dec. 1957, p. 14-27. 

A tester simulating control bearing operation 
at high temperatures was operated success- 
fully over a range from 350 to 550° F. Seals of 
special heat-resistant materials are required 
for use at the temperatures investigated. 
Certain of the lubricants and seals tested 
showed promise up to 550° F. 


The Impact of Bearing Clearances on Shaft 
Stability. 

J. Morris. Aircraft Engineering, v. 29, Dec. 
1957, P. 382-383. 

The treatment presented is concerned with 
conditions for steady circular motion ofa shaft 
running in two bearings and carrying an over- 
hung rotor. 


The Effect of Lubricant Inertia in Journal- 
Bearing Lubrication. 

J. F. Osterle, Y. T. Chou, and E. A. Saibel. 
Journal of Applied Mechanics, v. 24, Dec. 
1957, P- 494-496. 

The Reynolds equation of hydrodynamic 
theory, modified to take lubricant inertia into 
approximate account, is applied to the steady- 
state operation of journal bearings to deter- 
mine the effect of lubricant inertia on the 
pressure developed in the lubricant. 


Rules for Application of Needle Bearings. 
Richard Smith. Machine Design, v. 30, Jan. 9, 
1958, p. 116-119. 

Describes misalignment, deflection, thrust 
provision, location, lubrication, and sealing of 
needle bearings. 


3. DEFORMATION AND FRACTURE 


Fatigue Fractures and How to Avoid Them. 
Aciers Fins & Spéciaux Frangais, 1957, no. 
27, Dec., p. 48-57. 

Fatigue fractures are often due to imperfec- 
tions in the form of pieces both on the geo- 
metric and microgeometric scale. 


The Crystallographic Characteristics of Frac- 
ture in Magnesium Single Crystals. 

R. E. Reed-Hill and W. D. Robertson. Acta 
Metallurgica, v. 5, no. 12, Dec. 1957. p. 728- 
737: 

Single crystals strained in tension parallel to 
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the basal plane were studied. Fracture in a 
twin was observed as the primary mode of 
failure. 


The Mechanism of Fatigue: A Review. 

R. C. A. Thurston. Canadian Mining and 
Metallurgical Bulletin, v. 50, no. 548, Dec. 
1957, P. 708-716; Canadian Institute of Mining 
and Metallurgy, Tvansactions, v. 60, 1957, 
Pp. 390-398. 

Theories of fatigue; metallographic and X-ray 
diffraction observations; crack growth. 
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Brittle Fracture of Metals at Atmospheric 
and Sub-Zero Temperatures. 

C. F. Tipper. Metallurgical Reviews, v. 2, no. 7, 
1957, Pp. 195-261 + 4 plates. 

Fracture of metal crystals and polycrystalline 
aggregates; development of patterns on frac- 
ture surfaces; effect of a notch, high rates of 
loading, or pre-strain; fatigue; Ludwik’s 
theory of fracture and notch brittleness; as- 
sessment of brittleness by means of mechan- 
ical tests; types of notch bar tests; metal- 
lurgical factors affecting fracture; fracture 
initiation and propagation. 


4. WEAR 


4.1. General and Fundamentals 


Russian Research on Lubrication and Wear. 
Douglas Godfrey. Lubrication Engineering, 
v. 14, Jan. 1958, p. 27-31. 

Russian research organizations and scientific 
publications. Results of research on the kinet- 
ics of formation of S, Cl, and P compounds 
on metals and their effect on wear as determin- 
ed by the four-ball machine, and the effect 
of additives in cutting oil on the shearing 
aspect of cutting. 


Oberflachen-Erwarmung durch Reibung und 
Verschleiss durch thermische Zersetzung. 
Surface-Heating Due to Friction and Wear 
Through Thermal Decomposition. 

W. Viehmann. Kautschuk und Gummi, v. to, 
no. 12, Dec. 1957, p. WI 302-WT307. 
Attempts to determine the friction tempera- 
ture of tires based on the phenomenologic 
theory of heat conductivity. 


4.2. Type of Wear 


4.2.1. Evosion and Cavitation 

Kavitation und Tropfenschlag. 

Cavitation and Impingement of Drops. 

A. Keller. Schweizer Archiv fir Angewandte 
Wissenschaft und Technik, v. 23, no. 11, Nov. 
1957, P- 346-361. 


Determining and limiting somety pes of cav- 
itation in hydraulic turbines, pumps, and 
propellers. Testing cavitation effects on dif- 
ferent materials. Drop impingement. Three 
groups of materials according to their resist- 
ance to cavitation as function of hardness. 
Surface coatings. 


Erosion of Water and Steam Sealing Equip- 
ment. (in Russian) 

A. V. Ratner and V. G. Zelenskii. Teplo- 
energetika, v. 4, no. 12, Dec. 1957, p. 28-32. 
Erosion and wear, caused by water and steam, 
of various materials for pipes, seals, joints, or 
connections. 


Catalyst Erosion in Cat Crackers. 
Larry Resen. O11 and Gas Journal, v. 55, Dec. 


9, 1957, P. IOI-103. 
Case histories of its control. 


4.2.2. Pitting 


A Lubrication Engineer Surveys Steel Mill 
Gearing. II. 

A. E. Cichelli. Lubrication Engineering, v. 13, 
Dec. 1957, p. 633-639. 

Deals with specific examples of pitting and 
wear in gears. 


5. ANALYSIS AND TESTING 


Untersuchung des Mauerwerkverschleisses 
an einem Hochofen mit radioaktiven Iso- 
topen. 

Study of the Wear of a Blast-Furnace Brick 
Work by Means of Radioactive Isotopes. 
Joachim Holzhey. Neue Hiitte, v. 2, no. 11, 
Nov. 1957, p. 665-670. — 

Furnace construction. Principle of measure- 
ment. Radiation sources. Measuring appa- 
ratus and techniques. Effects of radiation on 
the blast furnace; treatment of the active pig 
iron. 


Contribution 4 la détermination des dimi- 
nutions d’épaisseur des téles et des conduits 
en acier provoquées par la corrosion. 


Determining the Decrease of Thickness of 
Steel Sheets and Steel Conduits Caused by 
Corrosion. 

M. G. Pirou. Corrosion et Anticorrosion, v. 5, 
no. 11, Nov. 1957, Pp. 339-347: 

Different processes used to examine metallic 
walls: photography, television, acoustic, ul- 
trasonic, radiographic, electric, and magnetic 
methods. Application of the magnetic method 
to check plates and ferrous materials of aver- 
age thickness, immersed or exposed to air. 


Radioactive-Tracer Technique for Studying 
Grinding Ball Wear. 

M. Pobereskin, N. M. Ewbank, Jr., G. D. 
Calkins, A. Wesner, and J. E. Campbell. 
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Mining Engineering, v. 9; American Institute 
of Mining and Metallurgical Engineers, Tvans- 
actions, v. 208, Dec. 1957, p. 1350-1358. 

Describes a technique for recovery and sep- 
aration of steel grinding balls and subsequent 
evaluation of the various compositions of the 
balls. The procedure involves thermal-neutron 
irradiation activation of each group of test 
balls to a different level of specific radio- 
activity, addition of groups of the radioactive 
balls into a ball mill, recovery of the radio- 
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active specimens from the bulk of the mill 
charge, separation of the various groups by 
their specific radioactivity, and evaluation of 
actual grinding ball wear. 


Experiments Using a Simple Thermal Com- 
parator for Measurement of Thermal Con- 
ductivity, Surface Roughness and Thickness 
of Foils or of Surface Deposits. 

R. W. Powell. Journal of Scientific Instru- 
ments, v. 34, Dec. 1957, Pp. 485-492. 


6. WEAR RESISTANCE OF MATERIALS 


Investigation of Wear Qualities of Finished 
Hydraulic Concretes. (in Russian) 

V. Ia. Gorenbein. Beton i Zhelezobeton, 1957, 
no. 10, Oct., p. 413-415. 

Determination of predominant causes in 
wearing away of finished concrete, and an 
attempt to eliminate them. 


Autogenes Panzern von Verschleissteilen 
unter besonderer Beriicksichtigung von 
Drehwerkzeugen. 

The Use of the Oxy-Acetylene Process for 
Hard Surfacing Parts Subjected to Wear, 


With Particular Reference to Lathe Tools. 
Grix, Siebel, and Fleck. Schweissen und Schnei- 
den, v. 9, no. 11, Nov. 1957, p. 473 + 9 pages. 
Application of hard surfacing, life of hard 
surfaced lathe tools and forged high-speed- 
steel tools. Economic considerations. 


Wear of Refractory Material in Various 
Zones of Blast Furnace. (in Russian) 

O. M. Margulis and E. A. Giniar. Ogneupory, 
Vv. 22, nO. 12, 1957, Pp. 549-556. 

Suggestion for the improvement of the shape 
and composition of blast furnace lining bricks. 


7. SURFACES AND SURFACE TREATMENT 


7.1. General 


Einfluss von Eigenspannungen in geharteten 
Werkzeugstahlen auf die Entstehung von 
Schleifrissen. 

Effect of Internal Stresses in Hardened Tool 
Steels on the Development of Grinding Cracks. 
Hans Bihler and Walter Schepp. Stahl und 
Eisen, v. 77, no. 23, Nov. 14, 1957, p. 1686- 
1690. 

Distribution of internal stresses in cylindrical 
specimens which were partly quenched in 
water from different temperatures, taken 
from alloy steels containing: 0.059% C and 
17% Ni, 1% C and 1.5% Cr, as well as from 
plain carbon tool steels containing 1% and 
Tascorce 


Uber die Mikrohirte von Glasoberflichen. 
The Microhardness of Glass Surfaces. 

Peter Joos. Zeitschrift fiir Angewandte Physik, 
v. 9, no. 11, Nov. 1957, p. 556-561. 
Surface-scratching tests were compared for 
glasses when the scratch process takes place 
in a wet atmosphere or in a high vacuum. 
A plastic deformation results in the first case, 
a pure embrittlement in the second. 


7.2. Grinding 


Le broyage des échantillons d’analyse. 

The Grinding of Samples in Ceramic Analysis. 
P. Draignaud. Industrie Céramique, 1957, no. 
492, Dec., p. 343-349. 

Preparation of samples, nature of materials. 


Duration of the grinding process, different 
types of grinding equipment. Impurities re- 
sulting from grinding. 


Factors That Affect the Performance of 
Coated Abrasives. 

S. L. Johnson. Tooling and Production, v. 23, 
Jan. 1958, p. 87-90. 


Taking the Guesswork Out of Grinding and 
Polishing With Abrasive Belts. 

Warren K. Seward. Plating, v. 45, Jan. 1958, 
Pp. 39-44. 

Belt speed recommendations for grinding and 
polishing various types of materials. Lubri- 
cation of abrasive belts; operating techniques; 
improving the final finish. 


7.3. Cleaning and Finishing 


Polishing Aluminium and Its Alloys. Details 
of a New Chemical Process. 

W. K. Bates and C. D. Coppard. Metal Finish- 
ing Journal, v. 4, Jan. 1958, p. 5 + 6 pages. 
Phosbrite 159 removes metal selectively from 
the highspots and without forming definable 
etch patterns. 


Liquid vs. Bar Buffing Compound. 

E. T. Candee. Plating, v. 45, Jan. 1958, p. 
35-38. 

Liquid buffing compounds have advantages 
from a production standpoint and can be 
more economical than bars. 
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Zur Frage der mechanischen Entzunderung 
von Driahten durch Abstrahlen. 
Contribution to the Problem of Mechanical 
Descaling of Wire Rod by Shot Blasting. 
Erich Jaenichen, Alfred Duphorn, Hans 
Krautmacher, and Wilhelm Piingel. Stahl und 
Fisen, v. 77, no. 25, Dec. 12, 1957, p. 1785- 
1795. 

Design and operation of shot blasting plants. 
Results of large-scale experiments on thick- 
ness and structure of the scale, drawplate 
wear, wire surface, lubrication, technological 
properties, behavior in hot-dip galvanizing, 
and the manufacture of wire nails. 


Oberflachenreinigung mit Ultraschall. 
Surface Cleaning With Ultrasonics. 
J. Olaf. Acustica, v. 7, no. 5, 1957, Pp. 253-263. 
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The conditions, especially those concerning 
cavitation, for cleaning surfaces by use of 
ultrasonics in the frequency range 15 to 2500 
kc. per sec. are investigated. Measurements 
are made on mechanically polished glass 
surfaces with variable sound intensity and 
direction, time of irradiation, and liquid 
medium. 


Peening Cuts Stresses in Plated Parts. 
Wesley W. Safee. Product Engineering, v. 28, 
Dec. 9, 1957, Pp. 92-93. 

The peening method pounds surfaces of high- 
strength steel with shot to neutralize stresses 
caused by electroplating, especially chrome 
plating. It prevents cracks and increases 
fatigue life of parts. 


8. MACHINING 


New Developments and Techniques of Saw- 
ing and Machining Glass-Reinforced Plastics. 
Lee H. Barron. Insulation, v. 4, Jan. 1958, 


Pp. 14-17. 
Types of diamond tools; band sawing; sawing 
and grinding; automation and tool wear. 
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Systematic Abstracts of Papers Published in 1955 and 1956 


Reprinted from Battelle Technical Review 1956 


Published by permission of Battelle Memorial Institute, Columbus, Ohio, U.S.A. 


This selection concludes the series of abstracts on work published some years ago. The special 
subject index to abstracts in this issue combines all abstracted matter in this volume. 

The classification deviates slightly from that used for the Systematic Abstracts 1957. Within 
each sub-group the Abstracts are systematized alphabetically. 


(Ed.) 


1. FRICTION 


Some Recent Experiments in Friction. 

F. P. Bowden. Nature, v. 176, Nov. 19, 1955, 
P- 944-946. 

Measurements of friction and wear on Cu and 
Bi at sliding velocities up to 1000 m per sec. 
Graph, diagram, micrographs. 


The Adhesion of Clean Metals. 

F. P. Bowden and G. W. Rowe. Royal Society, 
Proceedings, v. 233, ser. A, Jan. 10, 1956, 
P. 429-442. 

Investigation of adhesion between surfaces of 
hard metals cleaned by heating in a high 
vacuum. Low initial adhesion is due to re- 
leased elastic stresses when load is removed. 
Application of tangential force in addition to 
load increases adhesion. Diagrams, graphs, 
table. 14 ref. 


Friction in a Close-Contact System. 

Walter Claypoole. Mechanical Engineering, 
v. 78, June 1956, p. 529-532. 

Fundamental aspects of problem and experi- 
mental evidence supporting new inferences 
with regard to friction. Diagram, graphs, 
photograph, micrograph. 


A Study of the Sliding of Metals, With Par- 
ticular Reference to Atmosphere. 

L. F. Coffin, Jr. Lubrication Engineering, v. 
12, Jan.-Feb. 1956, p. 50-58; disc., p. 58-59. 
Comparative friction behavior of 75 couples 
and the role of atmosphere in the sliding 
process were investigated. Alloying ability 
serves as a qualitative criterion for local 
seizure and surface damage. Graphs, micro- 
graphs, tables, diagram. 14 ref. 


The Measurement of Frictional Forces at 
Vibrating Contacts. 

J. S. Halliday. Journal of Scientific Instru- 
ments, V. 33, June 1956, p. 213-217. 

A simple machine is used for the investigation 
of wear phenomena. Diagrams, graphs. 3 ref. 


Apparatus for Friction Studies at High 
Vacuum. 

Virgil R. Johnson, George W. Vaughn, and 
Melvin T. Lavik. Review of Scientific Instru- 
ments, v. 27, Aug. 1956, p. 611-613. 
Apparatus uses the lag angle between the 
driving and driven magnets to measure the 
friction torque. System is insensitive to tem- 
perature over a relatively wide range and it 
can be easily calibrated. 


On the Connection Between Static and Kine- 
tic Friction. 

N. F. Kunin and G. D. Lomakin. Henry 
Brutcher Translation No. 3650, 7 pp. (From 
Zhurnal Tekh. Fiziki, v. 24, no. 8, 1954, 
p. 1367-1370.) Henry Brutcher, Altadena, 
Calif. 

Study of change in frictional force with metals, 
as an example of ordered microrupture, strain- 
hardening, and relaxation effects. Graphs. 
3 ref. 


Autocorrelation Analysis of the Sliding 
Process. 

Ernest Rabinowicz. Journal of Applied Phys- 
ics, v. 27, Feb. 1956, p. 131-135. 

A simple model of the sliding process is devel- 
oped in which the junctions are of the same 
size but have different shear strengths, and, 
using an artificially obtained friction trace, it 
is shown that the size of the junctions may be 
deduced through a simple autocorrelation 
analysis. Diagrams, graphs. 15 ref. 


The ‘‘Ploughing’’ Contribution to Friction. 
R. T. Spurr. British Journal of Applied Physe 
ics, v. 7, July 1956, p. 260-261. 

Expressions are derived which enable the 
ploughing component to be calculated for 
two types of asperity, namely, spheres and 
wedges. 


2. LUBRICATION AND LUBRICANTS 


2.0. Books 


ASTM Standards on Petroleum Products 
and Lubricants (With Related Information). 
954 pp- 1955. American Society for Testing 


Materials, Philadelphia. (TP691 Am35) 

A compilation of various ASTM standards and 
tentative methods of testing crude and refined 
hydrocarbon materials. 
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Theory and Practice of Lubrication for 
Engineers. 

Dudley D. Fuller. 432 pp. 1956. John Wiley 
& Sons, New York. (TJ1075 Fo5t) 

Guides the engineer in his study of the theory 
of lubrication so as to most effectively help 
him in the practice of his profession. 


Knife-Edge Bearings. 

P. J. Geary. B.S.I.R.A. Bibliographical Sur- 
vey of Instrument Parts No. 2. 61 pp. 1955. 
British Scientific Instrument Research As- 
sociation, Kent, England. (ZTJ1061 G26k) 
Emphasizes design and properties of bearings 
to indicate areas where more fundamental 
research might be undertaken. A compre- 
hensive bibliography is included which covers 
the period from about 1900 to date. 


Industrial Lubrication Practice. 

Paul D. Hobson. Papers individually paged. 
1955. Industrial Press, New York. (TJ1075 
H65i) 

Devoted to principles, basic techniques, and 
application to specific devices. 


Very Short Journal-Bearing Hydrodynamic 
Performance Under Conditions Approaching 
Marginal Lubrication. 

L. F. Kreisle. ASME, Transactions, v. 78, 
July 1956, p. 955-961; disc., p. 961-963. 
Studies of conditions approaching zero oil- 
film thickness or in the region of boundary 
lubrication. 


Ball Bearing Maintenance. 

Johnny Riddle. 170 pp. 1955. University of 
Oklahoma Press, Norman, Okla. (TJ1071 
R43b) 

A survey of design features and maintenance 
principles which govern performance and 
service life with a comprehensive study of 
service failures. 


Bearing Lubrication Analysis. 

R. R. Slaymaker. 108 pp. 1955. John Wiley 
& Sons, New York. (TJ1061 SLrgb) 
Lubrication text for those interested in ma- 
chine design. Deals with sleeve bearings, in- 
cluding some hydrodynamic theory and bear- 
ing design and operation. 


2.1. General and Fundamentals 


Bearings, Lubricants and Lubrication—A 
Digest of 1955 Literature. 

Mechanical Engineering, v. 78, Aug. 1956, 
Da oss7/ 24: 

Over 200 references on recent developments 
in these fields. 


Effect of Lubricants on the Friction Process. 
(in Russian) 

V. D. Kuznetsov, A. I. Loskutov, and L. M. 
Kisurina. Doklady Akademii Nauk SSSR, 
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v. 109, no. 1, July-Aug. 1956, p. 124-126. 
Wear of Cu wire in friction along Cu, brass, 
and bronze rings in transformer oil with vary- 
ing concentration of stearic acid, and in water 
with varying concentration of high-fat con- 
tent soap. 


Theory of Hydrodynamic Lubrication in 
Parallel Sliding. 

W. Lewicki. Engineer, v. 200, Dec. 30, 1955, 
P. 939-941. 

A new theory of lubrication is presented, 
which is believed to be an improvement on 
Reynold’s theory, and a good approximate 
solution of the Navier-Stokes dynamical 
equation. Graphs, diagrams. 


The Rheodynamic Squeeze-Film. 

F. Osterle, A. Charnes, and E. Saibel. Lubri- 
cation Engineering, v. 12, Jan.-Feb. 1956, 
Pp. 33-36. 

Considering grease as a Bingham plastic, the 
problem of the load supported by a squeeze- 
film where side flow is neglected is solved with 
grease as the lubricant. Graphs, diagrams. 
6 ref. 


Comparison of Six Lubrication Methods. 
Beno Sternlicht. Product Engineering, v. 26, 
Dec. 1955, p. 183-188. 

Force feed, oil-ring, wick mist, oil jet, and 
cross feed lubrication are discussed. Tables, 
photographs, diagrams. 


Studies in Lubrication. XI. Slider Bearing 
With Transverse Curvature ; Exact Solution. 
A. S. C. Ying, A. Charnes, and E. Saibel. 
ASME, Transactions, v. 78, Apr. 1956, p. 
465-467. 

Solution is developed for the Reynolds equa- 
tion in the hydrodynamical theory of slider- 
bearing lubrication with side leakage for film 
thickness varying exponentially both in the 
direction of motion and symmetrically per- 
pendicular to this direction. Diagram. 3 ref. 


2.2. Materials 


Graphite and Silicon Carbide. Their Struc- 
ture, Properties and Uses. 

E. R. Braithwaite. Institution of Engineers & 
Shipbuilders in Scotland, Tvansactions, v. 99, 
pt. 6, 1955-56, P. 442-459; disc., p. 459-460. 
Surface chemical studies are now leading to a 
better understanding of the lubricating action 
of graphite and its wider usage as a solid 
lubricant. Silicon carbide is a man-made 
abrasive and is also widely used for super- 
refractories because of its high thermal con- 
ductivity and resistance to high temperatures. 
Graph, diagrams. 36 ref. 


Zytel and Teflon Resins as Bearing Mate- 


rials. I. 
A. J. Cheney, Jr., W. B. Happoldt, K. G. 
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Swayne. Plastics Technology, v. 2, Apr. 1956, 
Pp. 221-225, 230. 

Properties of these resins that make them ad- 
vantageous for bearing applications. Graphs, 
tables. (To be continued.) 


Zytel and Teflon Resins as Bearing Mate- 
rials. IL. 

Plastics Technology, v. 2, May 1956, p. 314-319, 
323. 

Basic properties of Zytel nylon; testing pro- 
gram on lubricated Zytel bearings. Graphs, 
diagram, photograph, tables. 14 ref. 


Effect of Combustion-Resistant Hydraulic 
Fluids on Ball-Bearing Fatigue Life. 

H. V. Cordiano, E. P. Cochran, Jr., and R. J. 
Wolfe. ASME, Transactions, v. 78, July 1956, 
p- 989-993; disc., p. 994-996. 

Phosphate ester, phosphate ester-base, and 
water-glycol-base co:nbustion-resistant fluids 
and a petroleum oil were investigated to de- 
termine relative effects when used as flood 
lubricants, on the life of angular-contact ball 
bearings. 


Solid-Film Lubricants. 

Ralph E. Crump. Product Engineering, v. 27, 
Feb. 1956, p. 200-205. 

New lubricants offer high load-carrying capac- 
ity of boundary lubricants, frictional prop- 
perties of light oil and are relatively indepen- 
dent of temperature from —100 to 1000 °F; 
rincipal limitations are lack of heat dissi- 
pation capacity and flushing action. Diagrams, 
graphs, photographs, table. 7 ref. 


Solid Lubricant for Parts Working Under 
Conditions of Dry Friction. (in Russian) 

P. E. D’iachenko, O. E. Kestner, and L. A. 
Chatynian. Izvestiia akademii nauk SSSR, 
otdelenie tekhnicheskikh nauk, 1955, no. 12, 
Dec., p. 128-130. 

Coefficients of friction in relation to various 
coatings and films on chrome bronze. Com- 
parison of MoS, with other solid lubricants. 
Graph, photographs, diagram. 1 ref. 


Pure Molybdenum Disulphide. Its Proper- 
ties and Uses in the Sheet Metal Industry. 
H. Peter Jost. Sheet Metal Industries, v. 33, 
no. 354, Oct. 1956, p. 679-690, 697. 
Occurrence and manufacture; structure and 
properties; particle size; bonding and im- 
pregnation; bearing areas; use in plastics, 
sintered metals, and rubber; practical appli- 
cations. 


2.3. Processing Lubricants 


Silicones in Metalworking. 

Steel, v. 138, Mar. 5, 1956, p. 92-96. 

Lists 151 uses for silicones in design, produc- 
tion, and maintenance, and discusses a few 
of the more important ones. Photographs. 
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How to Select Machine Tool Lubricants. 

C. R. Gillette. Ivon Age, v. 177, Mar. 22, 1956, 
Pp. 75-78. ¢ Tus 

Plan for reducing and simplifying lube re- 
quirements in the plant. Table, graphs, photo- 


graph. 


2.4. Bearings 


Turbulence in a Tilting-Pad Thrust Bearing. 
Stanley Abramovitz. ASME, Transactions, v. 
78, Jat 1950; p. 7-11. 

Using water as a lubricant, experiments were 
made with such a bearing, and it was found 
that the friction torque increased abnormally 
when the rubbing speed exceeded what ap- 
peared to be a critical value. Photographs, 
diagrams, table, graph. 4 ref. 


Behavior of Air in the Hydrostatic Lubri- 
cation of Loaded Spherical Bearings. 

T. L. Corey, C. M. Tyler, Jr., H. H. Rowand, 
Jr., and E. M. Kipp. ASME, Transactions, 
v. 78, July 1956, p. 893-898. 

Data relating the load-bearing capacity of air 
films of various thicknesses and operating at 
different pressures and rates of flow for 2, 4, 
and 6-in. spherical-type bearings. | 


Experimental Apparatus and Methods for 
the Development of Oscillatory Plain Bear- 
ings and Lubricants for Airframe Applic- 
ations in the Temperature Range of —90 to 
1500° F. 

W. A. Glaeser, C. M. Allen, and S. L. Fawcett. 
Battelle Memorial Institute, Special Report for 
Wright Aiy Development Center Contract No. 
AF 33(600)-31922, Mar. 1956, 10 pp. (TJ 1061 
B3Ie) 

A pendulum screening apparatus, a bearing- 
evaluation machine, and a_hot-clearance 
measurement apparatus are proposed for the 
experiments. Diagrams. 


Some Dynamic Properties of Oil-Film Jour- 
nal Bearings With Reference to the Un- 
balance Vibration of Rotors. 

A. C. Hagg and G. O. Sankey. Journal of 
Applied Mechanics, v. 23, June 1956, p. 302- 
306. 

Oil films have an important role in the un- 
balance-vibration behavior of rotor systems, 
particularly the vibration magnification at 
resonance. Diagrams, graphs. to ref. 


Investigations Into the Accuracy of Ball- 
Bearing Components. 

A. Kohaut. Engineers’ Digest, v.17 , Jan. 1956, 
p. 9-11. (From Werkstatistechnik und Ma- 
schinenbau, v. 45, no. 10, Oct. 1955, p. 510- 
513.) 

An interference microscope was used for ac- 
curate surface investigation of balls. Defects 
due to shape, assembly, and corrosion are 
discussed. Photographs, micrographs. 
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Some Unusual Conditions Encountered in 
the Lubrication of Rolling Contact Bearings. 
T. W. Morrison. Lubrication Engineering, v. 
11, Nov.-Dec. 1955, p. 405-411. 

Discusses lubricant requirements for oper- 
ation at very low speeds and heavy loads, 
fretting corrosion in rotating bearings, effect of 
variation in lubricant on endurance of bear- 
ings. Diagrams, graphs, table, photographs. 
5 ref. 


Oil-Film Whirl—An Investigation of Dis- 
turbances Due to Oil Films in Journal 
Bearings. 

B. L. Newkirk and J. F. Lewis. ASME, Tvans- 
actions, v. 78, Jan. 1956, p. 21-27. 
Investigation with oil of various viscosities 
to determine conditions necessary for safe 
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operation with cylindrical journal bearings at 
speeds above twice critical speed. Photo- 
graphs, tables, graphs. 16 ref. 


High-Temperature Bearing Operation in the 
Absence of Liquid Lubricants. 

S. S. Sorem and A. G. Cattaneo. Lubrication 
Engineering, v. 12, July-Aug. 1956, p. 258-260. 
Certain failure mechanisms can be minimized 
by control of environmental conditions. 


The Life of Ball and Roller Bearings. 

R. H. Warring. Machinery Lloyd (Overseas 
Ed.), v. 27, Dec. 3, 1955, p. 69, 71, 72. 
Discusses various factors of failure with par- 
ticular attention given to fretting corrosion. 
An empirical formula to determine expectant 
life is presented. Table. 


3. DEFORMATION AND FRACTURE (see Authors’ Abstracts). 
4. WEAR 


4.1. General and Fundamentals 


Wear Behavior of High Temperature 
Bearing Materials. 

John T. Burwell. Precision Metal Molding, 
v. 14, Oct. 1956, p. 40 + 5 pages. 
Two-phase material with Ni or Ni alloy base 
prepared by powder metallurgy and infiltered 
with Ag or Ag alloy, provides the most effec- 
tive combination. 


A Mass and Energy Balance for the Wear 
Process. 

P. F. Chenea and A. E. Roach. Lubrication 
Engineering, v.12, Mar.-Apr. 1956, p. 123-125. 
A mathematical treatment is given of one 
phase of the wear processes which is defined 
as ‘‘fatigue wear’. Diagram, photograph. 
4 ref. 


Theory and Application of Sliding Contact 
of Metals in Sodium. 

L. F. Coffin, Jr. Knolls Atomic Power Labo- 
vatovy (U. S. Atomic Energy Commission), 
KAPL-828, Oct. 1955, 17 pp. (UF767 Un3.1- 
ka 

Deaieiaiis of thrust-bearing combinations 
of various metals in liquid Na. Mechanism of 
wear and surface damage. Graphs, micro- 
graphs. 5 ref. 


Critical Thickness of Surface Film in Bound- 
ary Lubrication. 

I-Ming Feng and C. M. Chang. Journal of 
Applied Mechanics, v. 23, Sept. 1956, p. 458- 

60. 

Eepcisnisntal investigation of wear of pure 
metals with controlled surface-film thickness 
in the region near the critical value. 


Influence of the Ratio of Areas of Friction 
Upon Wear. 

D. N. Garkunov. Henry Brutcher Translation 
No. 3764, 4 pp. (From Doklady Akademi Nauk 


SSSR, v. 104, no. 2, 1955, pp. 227-228.) Henry 
Brutcher, Altadena, Calif. 

Relationship between ratio of gravimetric 
wear of two materials (like with like and with 
unlike) in frictional contact, and ratio of their 
surface areas of friction. 


Investigation of the Interaction of Lubri- 
cating Oils With Metals. (in Russian) 

G. V. Vinogradov, M. M. Kusakov, lu. S. 
Zaslavski, and E. A. Razumovskaia. Vestnik 
akademu nauk SSSR, v. 25, no. 9, Sept. 1955, 
P- 35-40. 

Relation of wear spots to axial loads, and 
amount of S, per surface area, to temperature. 
Types of lubricants for various steels. Graphs. 


4.2. Type of Wear 
4.2.1. Cavitation and Erosion 


Cavitation. (in Norwegian) 

Ingvar Eggestad and Carsten D. Lovstad. 
Teknisk ukeblad, v. 103, no. 5, Feb. 2, 1956, 
p. 83-92. 

Investigation on steel and nonferrous metals; 
factors contributing to cavitations; scale 
effect; effect of hydrodynamic properties. 
Graphs, tables. (To be continued.) 


Study of the Erosion of Cements for Hy- 
draulic-Engineering Concretes. (in Russian) 
V._N. lung, Iu. M. Butt, M.S. Neginskii, and 
E. O. Barbakadze. Tsement, v. 21, no. 6, Nov.- 
Dec. 1955, Pp. 5-9: 

Effect of fast-flowing water. Compositions, 
erosibility, and compressive strength of 
cements. Effect of additives on erosibility. 
Tables. 


Cavitation Decay on Powerful Hydroturbine 
Blades. (in Russian) 

I. R. Krianin. Energomashinostroenie, 1955, 
no. 3, Dec., p. 14-18. 
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Influence of material and certain construction 
factors on intensity of cavitating decay of 
blades. The main cause of decay is the pres- 
ence of bolt holes. Diagrams, photographs. 
serete 


Conditions of Intensity of Cavitation Erosion. 
(in Russian) 

K. K. Shal’nev. Izvestiia Akademit Nauk 
SSSR, Otdelenie Teknicheskikh Nauk, 1956, 
no. I, Jan. 1956, p. 3-20 + 6 plates. 
Pecularities of cavitation erosion of hydraulic 
equipment, particularly turbines. Effect of 
hydrodynamic factors. Micrographs, photo- 
graphs, graphs, diagrams, tables. 83 ref. 


Wear of Metals by Sand Erosion. 

Werner A. Stauffer. Metal Progress, v. 69, 
Jan. 1956, p. 102-107. 

A 15-h test is able to determine sand erosion 
of various constructional materials to +5% 
reproducibility and the results correlate with 
experience on hydraulic turbines. Diagram, 
graphs, photographs, tables. 


Determination of Cavitation by Means of 
Brittle Coatings. (in Russian) 

E. V. Trifonov and V. I. Dumov. Energo- 
mashinostroenie, 1955, no. 1, Oct., p. 25-26. 
Composition and application technology for 
varnish coatings. Use in study of cavitation 
in centrifugal pumps. Causes of cavitation. 
Photographs, graphs. 4 ref. 


4.2.2. Fretting Corrosion 

A Study of Fretting Wear in Mineral Oil. 
D. Godfrey. Lubrication Engineering, v. 12, 
Jan.-Feb. 1956, p. 37-41; disc., p. 41-42. 
Factors involved in lubricated-fretting were 
determined by experiments in mineral 
oil under carefully controlled conditions. 
Tests with initially unlubricated specimens 
show marked effect of humidity. Graphs, dia- 
grams, table. 6 ref. 


Characteristics and Prevention of Fretting 
Corrosion. 

R. B. Waterhouse. Machine Design, v. 28, 
Jan. 26, 1956, p. 104, 106, 108. 

General considerations of the damaging results 
and preventive measures. 


The Prevention of Fretting Corrosion. 

R. B. Waterhouse. Corrosion Prevention and 
Control, v. 3, Mar. 1956, p. 37-39. 

This corrosion develops when two surfaces in 
contact and nominally at rest with respect 
to each other, experience slight periodic rel- 
ative movement. 16 ref. 


4.3. Machine Parts 


4.3.1. Bearings 
Plain-Bearing Fatigue Testing. 
E. D. Brailey and W. J. Donnelly. Communi- 
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cations and Electronics, v. 3, Jan. 1956, p. 16- 
18. 

Testing of engine-bearing systems using elec- 
tronic and hydraulic techniques. Diagrams, 
photographs, graph. 


Interpreting Service Damage in Rolling- 
Type Bearings. 

Robert C. Case. Bureau of Ships Journal, v. 5, 
Oct. 1956, p. 6-12. 

Abuse before and during mounting; results of 
improper mounting; inadequate lubrication; 
wear from abrasives; corrosion; seizure and 
smearing; passage of electric current; fatigue. 


Antidotes for Sleeve Bearing Failures. 
Anthony F. Kaminskas. Ivon and Steel En- 
gineer, v. 32, Oct. 1955, p. 82-89; disc., p. 89. 
Considers failures due to improper design and 
improper maintenance, which can be more 
specifically attributed to insufficient clearan- 
ce, poor alinement, dirt, overloading, and high 
temperature. Photographs, diagrams, graphs. 


Wear Life of Aluminum Gears. 

A. H. Maschmeyer. Product Engineering, v. 
27, Sept. 1956, p. 160-166. 

Development of analytical procedure for 
estimating probable life of Al gears; modifi- 
cation of Hertz’s theoretical equations to 
conform to actual test results; comparison of 
anodized and unanodized gears. 


The Development of Metal-Bonded Carbon 
Bearings. 

Harvey B. Nudelman, Cord H. Sump, and 
Walter C. Troy. ASTM Bulletin, 1956, no. 213, 
Apr. 1956, p. 62-69. 

A new metal-bonded C bearing was developed 
to combine the desirable properties of C and 
metallic materials. Emphasis was placed on 
the interpretation of wear technology in 
bearing research. Photographs, tables, graphs, 
micrographs. 15 ref. 


4.3.2. Gear and I. C. Engines 


Change in Hardness of Friction Surface of 
Engine Cylinders During Breaking-In. (in 
Russian) 

L. A. Dem’ianov and B. A. Kolobovnikov. 
Vestnik mashinostroeniia, v. 35, no. 12, Dec. 
1955, Pp. 28-29. 

Rate and depth of hardening; time, load, lu- 
brication, and wear factors. Relation between 
breaking-in rate and service life of parts. 
Graphs, micrograph, diagram. 3 ref. 


Methods for Studying Wear of Case-Har- 
dened Steel Used in Manufacture of Gears. 
(in Russian) 

L. M. Fel’dman and M. A. Balter. Zavodskaia 
laboratoriia, v. 21, NO. 12, 1955, p. 1501-1503. 
Studies of variation in microhardness during 
wear. Effects of temperature and contact 
stresses. Graphs, diagrams, micrograph. 
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How Oil Viscosity Affects Piston Ring Wear. 
M. Popovich and L. E. Johnson. Automotive 
Industries, v. 114, Jan. 1, 1956, Pp. 56-57, 106. 
Tests correlate engine wear with oil viscosity. 
Viscosity range of S.A.E. 10 to 20 appears 
ideal. Graphs, diagram. 


Measuring Gear Tooth Wear. 
George Uberti. American Society of Naval 
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Engineers, Journal, v. 68, Feb. 1956, p. 151- 
153. 

Extensive tests of both conventional and ad- 
vanced types of ship main reduction gears are 
conducted at the U. S. Naval Boiler and Tur- 
bine Laboratory. Each step in testing follow- 
ed by thorough examination of pertinent gear 
parts. Graphs, diagrams, photograph. 


5. ANALYSIS AND TESTING 


5-1. General 


Method of Testing Metals for Abrasive 
Wear. (in Russian) 

V. V. Podgaetskii. Zavodskaia laboratoriia, v. 
21, NO. 9, 1955, p. I109-IT10. 

Installations and testing procedure. Table, 
photograph, diagram. 


Electron Microscope Study of Lubrication 
& Wear. 

S. B. Twiss, C. R. Lewis, and D. M. Teague. 
Iubrication Engineering, v. 12, Mar.-Apr. 
1956, p. 102-108; disc., p. 108-109. 
Specimens used were crossed steel cylinders, 
one cylinder rotating, the other being station- 
ary. Results are discussed. Micrographs, 
tables. 8 ref. 


5.2. Tracey Techniques 


Wear Studies With Radioactive Gears. 

V.N. Borsoff. Lubrication Engineering, v. 12, 
Jan-Feb. 1956, p. 24-27; disc., p. 27-28. 

Radioactive techniques are used to detect and 
measure gear wear, revealing three types: 
scoring, abrasion and chemical corrosion. 
Data on wear behavior of various lubricants, 


and metal transfer studies are included. Dia- 
gram, photograph, graphs, radiographs. 1 ref. 


Study of Die Wear by Mears of Radio- 
activated Surfaces. 
B. J. Jaoul. ASME, Tvansactions, v. 78, July 
1956, p. 1135-1139. 
Radioactivation techniques were successfully 
applied to the wear of a die face during hot 
extrusion of steels. 


Wear Analysis of Hard Metal Turning Tools 
by Means of Radiosotopes. 

H. Opitz and O. Hake. Microtecnic (English 
Ed.), v. 10, no. 1, 1956, p. 5-9; disc., p. 9. 
Measurement of radioactive wear makes it 
possible to obtain absolute data as to machin- 
ability and to draw up machinability graphs. 
Diagrams, graphs, tables, photograph. 4 ref. 


Measurement of Wear of Parts in an Engine 
by Means of Radio-Active Isotopes. (in 
Russian) 

D. 1. Vysotskiiand V.S. Zabel’skii. Avtomobil’ 
naiat Traktornaia Promyshlennost, 1956, no. 4, 
Apr. 1956, p. 26-28. 

Methods; principles; measurement instru- 
ments. Graphs, diagrams. 3 ref. 


6. WEAR RESISTANCE OF MATERIALS 


6.1. Metals 


Abrasive Wear Resistance of Cold-Worked 
Metals and Alloys. (in Russian) 

M. M. Krushchov and M. A. Babichev. Vestnik 
mashinostroentia, Vv. 35, no. 12, Dec. 1955, 
p. 38-41. 
Relation of hardness to plastic deformation. 
Test results for bronzes, steels, and pure metals 
with and without cold working, and with 
variations of prior heat treatment. Relative 
wear resistance and hardness after heat 
treatment and plastic deformation. 


Test Results, Under Actual Use Conditions, 
for a New Antifriction Alloy, SOS6-6. (in 
Russian) 

A. V. Lakedemonskii, V. B. Pogozhev, N. M. 
Rudnitskii, and I. E. Fokin. Vestnik mashino- 
stvoentia, v. 36, no. 1, Jan. 1956, p. 55-56. 
New alloy is considered better for bearings, 
under high speed and pressure conditions in 
gasoline engines than high-tin or lead babbitt 


metal. Composition, physical properties, 
micro-structure and economy of this alloy. 
Photograph, micrographs, table. 


Use of Spheroidal Cast Iron as a Wear- 
Resistant Material. (in Polish) 
Mieczyslaw Pachowski. Przeglad odlewnictwa, 
v. 6, no. I, Jan. 1956, p. 10-12. 
Economy of using spheroidal cast iron for 
rams and crushing hammers, and its wear- 
resistance, as compared with Mn cast steel. 
Table, graphs, diagrams. 3 ref. 


Resistance of Carbon Steels to Abrasive 
Wear. (in Russian) 

A. A. Soroko-Novitskaia and M. M. Khrush- 
chov. Izvestiia Akademii Nauk SSSR, Otdelenie 
Tekhnicheskikh Nauk, 1955, no. 12, Dec., p. 
35-47- 

Laboratory testing methods for hardness and 
wear-resistance of steels after various heat 
treatments. Effect of C content. Graphs, 
tables, diagram. 8 ref. 
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6.2. Abrasives and Cermets 


Five Faults in Wet Abrasive Cut-Off and 
How to Correct Them. 

P. C. Dooley. American Machinist, v. 100, 
June 4, 1956, p. 130-133. 

Mechanics of wheel-face breakdown; methods 
of coolant application; causes and cures for 
wheel drift, heavy burr, burning the work, 
step cut, and chamfer at top. Diagrams. 


Cermet Hard Alloys With Unequal Distri- 
bution of the Carbide Component, for the 
Machining of Abrasive Materials. (in Rus- 
sian) 
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G. A. Meerson and G. V. Samsonov. Izvestiia 
Akademii Nauk SSSR, Otdelenie Tekhniches- 
kikh Nauk, 1956, no. 4, Apr. 1956, no 4., Apr. 
1956, p. 21-125. 

Relation between wear resistance, brittleness, 
amount of cementing metal (Co), and cermet 
alloy proportions. Diagram, micrographs, 
graph, table. 4 ref. 


The Development of Coated Abrasives. 

R. W. Redmond. Plating, v. 43, Jan. 1956, 
P- 55-59- iy 
Historical review. General description of 
various abrasives, backings, and bonding 
materials. 


7. SURFACES AND SURFACE TREATMENTS 


7.1. Wear Resistance 


Wear Resistance. 

W. G. Cass. Ivon & Steel, v. 29, July 1956, 
P- 342. ; 

Recent Russian research on different surface 
treatments for machine parts. 


Wear Resistance of Coatings Used in the 
Repair of Machine Parts. (in Russian) 

V. I. Kazartsev. Vestnik mashinostroeniia, v. 
36, no. 1, Jan. 1956, p. 63-66. 

Coating with smooth or porous Cr; hard- 
facing with electrolytic iron-plating; varia- 
tions in heat treatment and in preparation of 
surface. Tables, graph, diagrams. 


Reducing Frictional Resistance and Wear 
of Steel: Use of Sulphide-Impregnated 
Surfaces. 

L. Marshall and S. J. Mansell. Engineering, 
v. 181, June 1, 1956, p. 425-428. 

Assessment of wear resistance and frictional 
properties of sulfide film by means of tests 
with Shell four-ball and Faville-Levally ma- 


chines. Diagrams, micrograph, table, graphs, 
photographs. 4 ref. 


Porous Chrome Plating for Wear Resistance. 
Glenn Pendley. World Oil, v. 142, Feb. 1956, 
p- 98, 100. 

Characteristics and oil-field applications of a 
wear resisting Cr surface which has an unusual 
affinity for lubrication, promising prolonged 
bearing and liner service life. Photograph, 
micrographs. 


7.2. Grinding 


Versuche zur Herabsetzung des Zerkleine- 
rungswiderstandsfester Stoffe durch gas- 
formige und dampfférmige Zusatzmittel. 
Reduction of Disintegration Resistance of 
Solids by Means of Gaseous and Vaporous 
Additives. 

A. Gétte and E. Ziegler. VDI Zeitschrift, v. 98, 
no. 9, Mar. 1956, p. 373-376. 

Improvement of grinding performances of 
various materials in atmospheres of saturated 
vapors of polar or nonpolar liquids. Graphs, 
diagram. 5 ref. 


8. MACHINING AND METAL WORKING 


8.1. Electroerosion and Electrospark Machining 


Electroerosion et usinage par étincelles, 
état actuel et perspectives d’avenir. 
Electro-Erosion and Electric-Spark Machin- 
ing; Present Status and Future Prospects. 
Marc Bruma. Schweizer Archiv fiir angewandte 
Wissenschaft und Technik, v. 22, no. 1, Jan. 
1956, p. 18-22. 

Historical review of the process. Influence of 
different factors on the machining rate, surface 
finish, and electrode wear. Table, diagram, 
micrographs, graph, photographs. 23 ref. 


Some Regularities in the Phenomena of the 
Electrical Erosion of Metals During Low- 
Voltage Discharge in a Liquid. (in Russian) 
I. G. Nekrashevich and S. P. Mitkevich. 


Zhurnal Teknicheskoi Fiziki, v. 26, no. 1, Jan 
1956, p. 90-95. 

Breakdown or erosion of electrodes during 
low-voltage condenser discharge in trans- 
former oil. An approximate quantitative ex- 
pression is developed for erosion during dis- 
charge between electrodes of the same metal 
and of different metals. Tables, graph. 3 ref. 


Study of the Temperature of the Vapor Phase 
Arising During the Electrospark Machining 
of Metals. (in Russian) 

L. S. Palatnik and A. N. Liulichev. Zhurnal 
Tekhnicheskoi Fiziki, v. 26, no.4, Apr. 1956, 
p. 832-838. 

Method of measuring spark temperature. 
Temperature of spark between iron electrodes 
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in relation to electrode diameter, current, and 
electrode material. Graphs, tables, spectro- 
grams. 21 ref. 


Use of Spectral Analysis for the Study of the 
Vapor Phase Arising During the Electro- 
spark Machining of Metals. (in Russian) 

L. S. Palatnik and A. N. Liulichev. Zhurnal 
Tekhnicheskoi Fiziki, v. 26, no. 4, Apr. 1956, 
p. 839-849. 

Effect of material, polarity, shape, and poros- 
ity of the metal electrodes. Selective evapor- 
ation. Electrospark machining of various 
metals, using graphite electrodes. Effect of 
length of time and procedures. Spectrograms. 
2ieret. 


Wear-Resistance After Electrospark Har- 
dening. (in Russian) 

N. P. Pan’kov. Vestnik mashinostroeniia, v. 
35, no. 13, Dec. 1955, p. 41-44. 

Depth of surface hardened, graphite increase 
in surface from graphite electrode, and other 
factors. Nature of wear and amount of pro- 
tection afforded by this method. Table, 
graphs, photographs. 


Use of Electroerosion Method for Intricate 
Parts and for Rehabilitating Worn Dies. 
(in Czech.) 

F. PetraSek. Strojivenskd vyroba, v. 3, no. 9, 
Sept. 1955, P. 1955, Pp. 365-367. 
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Development of electroerosion for machining 
complex slots and splines for steam-turbine 
vanes and for renewing worn dies and inserts. 
Equipment and operating instructions, in- 
cluding electrode, voltage, and cooling liquid. 
Photographs, diagrams. 


Role of Joule-Lenz Heat in Electrical Erosion 
of Metal. (in Russian) 

A. S. Zingerman. Zhurnal tekhnicheskoi fiziki, 
v. 25, no. 11, Oct. 1955, p. 1931-1943. 
Erosion is caused by the action of streams of 
metal vapors caused by the electrical dischar- 
ge; volume of metal melted by Joule-Lenz 
heat; influence of contact area; relation of pit 
diameter to amplitude value of current 
strength. Photographs, graphs, table. 15 ref. 


8.2. Extrusion 


Titanium Extrusion—A New Fabricating 
Technique. I-II. 

A. M. Sabroff, W. M. Parris, and P. D. Frost. 
Ivon Age, v. 176, Oct. 27, 1955, p. 81-84; 
Nov. 3, 1955, p. 101-103. 

Successful extrusion depends on the extrusion 
temperature, die design and material, and 
lubrication. Carbide dies and the proper lu- 
bricant gave the best results and proved most 
efficient. Graphs, micrographs, photographs, 
diagram, 


528 AUTHORS’ ABSTRACTS voL. 1 (1957/58) 


Authors’ Abstracts 


Transfer of Tungsten Carbide to Soft Metals During Single-traverse and Reciprocating 
Sliding. 


J. GoLpEN anD G. W. Rowe (Tube Investments Research Laboratories, Hinxton Hall, Cam- 
bridge) — Brit. J. Appl. Phys., (1958) in press (paper received 4th September, 1957). 

This paper describes experiments in which a small radioactive tungsten carbide hemisphere was 
slid slowly over copper and steel plates. The tungsten carbide transferred to the plates was 
assessed by counting and autoradiography. On well-prepared copper about 50-10-12 g was trans- 
ferred steadily to each millimetre of track during a single traversal. This carbide was firmly 
embedded in the copper, even after several traversals in each direction over the track. Single 
traversals on mild and stainless steels also produced steady embedded wear. However, when 
reciprocating traversals were made a considerable proportion of the transferred carbide was 
scattered loosely on the surface. It is suggested that the difference between the first and subsequent 
traversals on steels is due to the embedded particles acting as abrasives. It is thus important to 
distinguish between these two phases of wear. 


A Radioisotope Study of the Effect of Surface Conditions During Wear of Tungsten 
Carbide. 


J. GoLDEN AND G. W. Rowe (Tube Investments Research Labarotories, Hinxton Hall, Cam- 
bridge) —-Paper 67; Intern. Conf. on Radioisotopes in Sci. Research, Paris, 1957. 

This paper describes an experimental study of the wear of tungsten carbide sliders which have 
been neutron-activated to produce predominantly W1!8’. Active fragments are detached by the 
sliding process and can be quantitatively assessed by a scintillation counter or by autoradiography. 
Calibrated microdensitometer records are used to locate and measure accurately about 10-1!” g 
of tungsten carbide on 1 mm of sliding track. 

A simple apparatus produces long spiral tracks on a flat disc and at the same time measures 
the forces involved. By dividing the disc into sectors, each differently treated, it is possible to 
obtain ten or more independent determinations of wear rate in a given segment during a single 
run. It is found that the wear rate is adjusted to its equilibrium value in a very short distance, 
and that this value is reproducible in any one segment. 

The results show that the wear is very much dependent upon the mechanical and chemical state 
of the surface. It is seen, for example, that scratches left by abrasive papers on copper discs can 
cause sudden sharp increases in wear. Residues left by ammoniacal etching increase wear, while 
those left by aqueous hydrochloric acid decrease the wear. Standard preparation techniques such 
as benzene or alcohol degreasing are found to leave contaminant films which reduce the wear. 
Polished tungsten carbide wears more smoothly but more heavily than etched carbide. 

Oxide films increase the wear on copper and there appears to be a direct relationship between 


thickness of oxide film and wear rate. On nominally clean copper the wear is nearly proportional 
to the friction force and load. 


Recent Events 


NNN 


U.S.S.R. 


THIRD ALL-UNION CONFERENCE ON FRICTION, WEAR AND LUBRICATION OF MACHINES 
oth-15th April, 1958, Academy of Science USSR, Institute of Machine Study, Moscow 
Preprints, 197 pp. (in Russian) 


A full list of the titles of more than 150 papers will be published in WEAR, 2, no. r (August) 1958. 


It is hoped that reviews of the meeting will be made available by the Soviet members of the 
Editorial and Advisory Board. 


Translations of Abstracts are invited for publication in the ‘‘abstract section” of WEAR. 


VOL. 1 (1957/58) BIBLIOGRAPHIES 529 


Bibliographies 
TLL re 


Unit Operations Review 
Ind. Eng. Chem., 50(3) part IL (1958) 421-485, 13th annual review 


Surveys with numerous references, inter alia on 
Flow of Fluids, Mixing, Size Reduction (17 ref. on grinding) (28 ref. on cavitation) 


Chemical Engineering Review 
Ind. Eng. Chem., ibid., p. 486-568, 6th annual review 


Surveys with numerous references, inter alia on Oxidation in Metals, 
Fluid Dynamics, Heat Transfer, Mass Transfer. 


Annual Report 1957 of Armour Research Foundation 
(67 pp., illustrated, no ref.) 
(Technology Centre, 10 W. 35th St., Chicago, U.S.A.) 


The following titles, inter alia of potential interest to readers of WEAR, refer to work in progress 
at A.R.F., summarized in a survey covering the fiscal year which ended August 1957. 
(Ed. ) 


Ceramics and Minerals Research Department 
Ceramics coatings 
High performance coatings 
Protective coatings for graphite 
Ceramic radomes 


Chemistry and Chemical Engineering Department 
Identification of Pennsylvania lubricating oils 
Lubricating grease components 
Oxidation-corrosion inhibitors 


Electrical Engineering 
Slip-ring modification 
Locomotive wheel slip detection device 
Rotary selector switches 


Mechanical Engineering 
Bearing life evaluation apparatus 
Dynamic balancing of naval machinery 
Diamond oil well drill bit 
Electrically-actuated clutch 


Metals 
Chemically-deposited nickel coatings 
Ductile chromium 
Vapor deposition of ductile aluminium on steel 
Thermo stress resisting cast irons 
Cemented boride composites for tool bits 
Physics 


Acoustic design of an engineering engine test cell 
Diamond powder for glass polishing 


Propulsion and Fluid Mechanics 
Evaluation techniques for crank case oils 
Qualification test methods for gear lubricants 
Improved heavy-duty lubricants 
Serviceability criteria for used anti-friction bearings 
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Notes on Contributors 
a LL 


H. Brok, Prof. Ir.: born in Amsterdam; graduated in 1932 from the Technische Hogeschool, Delft 
as a mechanical engineer. From 1933 until 1951, when he was appointed professor of mechanica, 
engineering at Technische Hogeschool, Delft, he was a research engineer at the Royal Dutch/Shel, 
Laboratory Delft.Has published about 30 papers, almost all relating to the implications of lubrication 
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—, effect on piston seizure in two-cycle gas- 
oline engines, 256 

—, effect of surface-active — upon drawing 
of metal wire, 257 

—., effect of viscosity on rolling-contact fa- 
tigue life, 448 

—, extreme pressure, 256 

—., factors influencing friction and wear, 454 

—, functional testing, 351 

— in industry, 256 

—, influence upon surface flow of metal, 453 

—, literature on, 448, 521 

—, selection for cold drawing, 257 

—, selection for high-performance ball bear- 


ings, 448 
—, selection of machine tool —, 522 
—., selection of press drawing —, 257 


—., silicone, for steel industry, 352 

— — for steel mills, 257, 352 

—, viscosity, 453 

— for wire-drawing dies, 516 

Lubricating greases, manufacture and appli- 
cation, 453 

— oils, effect of physicochemical properties 
on energy loss, 351 

— — for extreme pressure, 516 

— —., film resistance in friction bearing, 258 

— —, interaction with materials, 523 

— —., interaction with metals, 523 

Lubrication (see also boundary, hydrody- 
namic, hydrostatic and slider-bearing lubrica- 
tion), 453 

—, action in continuous metal deformation, 
256 

—, anti-seizing — for drawing steelitems, 257 

—, basic practice, 453 

— of bearings, 257, 521 

— for cement mills, 448 

— in cold strip rolling, 453 

—, effects of nuclear radiation on, 256 

—, electron microscope study, 525 

—, friction and, 160, 254 

—, grease — of rolling bearings, 257 

—, heat transfer effects, 352 

—, hydrodynamic theory of —during, rolling, 
453 

— of industrial and marine machinery, 453 

—, industrial practice, 521 

— in journal bearings, 257 

— by laminar solids, 454 

— literature about, 448, 521 

—, marginal, 521 

—, oil fog — of high speed ball bearings, 352 
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— of rollers, 460 

—, Russian research on, 517 

—, six methods, 521 

— of sleeve bearings, 352 

—, theory and practice of —for engineers, 521 


Machine tools, wear of cast iron, 40* 
Maize cellulose, use in plating and finishing 
industry, 268 
Marine gearing, wear and, 260 
Materials, abrasive, machining of, 526 
—, engineering, surface endurance limits, 457 
—-, functions in bearing operation, 455 
—, granulated, abrasive effects of blasting, 
scouring and dry or wet sliding, 225* 
—, research on crushability, 258” 
, stainless, wear in high-purity water, 359 
—, types of wear of, 259 
Meetings: 
Bond voor Materialenkennis, Wear Section, 
73, 275, 403 
Conference on Lubrication and Wear 
(London, 1957) 74, 244, 333, 418, 499 
Discussion on Friction (General Motors, 
1957), 273 
Discussion on Gears (Dresden, 1957), 273 
Discussion on Lubrication and Lubricants 
(SVMT, Zurich, 1958), 463 
Discussion on the Wear of Roads (SVMT 
Zurich, 1957), 273, 274 
7th International Mechanical Engineering 
Congress (The Hague, 1957), 363 
Metal cutting, 454 
— —, evaluation of, 269 
— —., friction process in, 270 
— —, hard metal tools for Cu and Cu-alloys, 
270 
— —, leaded steel in, 270 
—  —, mechanics of, 270 
— —, new techniques in research of, 269 
— —, real area of contact in, 270 
— finishing, guidebook and directory, 1958, 
451 
— machining, temperature and vibrations, 
355 
— organosols, antifrictional properties of 
disperse phases of, 447 
— polishing, use of diamond abrasives, 265 
— —, use of set-up wheels, 268 
— surfaces, 266 
— —, absolute areas of some, 261 
— —, chemical analysis, 449 
— —, friction of pure, 350 
— —., friction between unlubricated, 167* 
— —, hard surfacing of wear-resistant, 266 
—-—, mechanism of wear between, 472* 
— —, nature of polished, 260, 261, 450 
—— —, study of deformed layer produced on, 
354 
—-—, X-ray study of the quality, 261 
Metallic bodies, effect of tangential force on 
contact of, 254 
— friction, 452 
— materials, properties, 263 


VOL. 1 (1957/58) 


Metals, abrasive wear, 525 

—, abrasive wear resistance, 525 

—, adhesion of clean —, 520 

—, brittle fracture, 517 

—, damage as affected by solid surface films, 
259 

—, defects and failures, 160 

—, electro-erosion, 526 

—, fatigue undec contact friction, 255 

—, friction and drawing, 356 

—, hard, recent development, 457 

—, interaction with lubricating oils, 523 

—, sliding of — with particular reference to 
atmosphere, 520 

—, sliding contact of — in sodium, 523 

—, surface damage, 455 

—, Wear, See 449 

—, wear by sand erosion, 524 

—, wear under unlubricated conditions, 162 


Mineral oil, fretting wear in —, 524 
Moisture, influence on friction and surface 
damage, 453 


Molybdenum disulphide, friction experi- 
ments with, 92* 

— —, lubricating properties, 257 

— —, properties and uses in sheet metal in- 
dustry, 522 

—— —, for reducing friction coefficient, 257 

Multi-cylinder engines, testing for h.p. and 
mechanical efficiency, 361 


Needle bearings, 516 

Nickel and nickel alloys, finishing of, 269 

Nickel-base alloys, bearing characteristics, 
351 

Nickel plating, ‘‘Kanigen’’ chemical, 263 

Nitrided chromium, wear resistance, 263 

Nitriding, effects on wear resistance, 267 

— of iron alloys, 267 

— of structural steels, 267 

Nonmetallic additives, 448 

Nylon, stability in business machines, 264 


Oil films in journal bearings, 523 

— tests, estimation of wear of combustion 
engines, 271 

Oils (see also cutting, lubricating, rolling and 
soluble oils) 

—, steam turbine, 516 

—, transmission, gear-wheel test for, 457 

—, turbine, anti-wear requirements for, 257 

—, viscosity of — affecting piston ring wear, 


525 

Oleic acid, 446 

Orthogonal boring, analysis of, 270 

Oxide layers, properties, 266 

Oxidation, atmospheric, its role in high-speed 
sliding phenomena, 360 

— improvement through non-electrolytic 
deposition of Ni, 266 

Oxy-acetylene process, use for hard surfacing 
parts subjected to wear (esp. lathe tools), 

18 
Pe cicues products, ASTM standards, 520 
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Phosphating, method of wear protection, 266 

Pinions, wear resistance of, 450 

Pipes, friction in, 351 

—, influence of roughness on fluid meter 
discharge coefficient, 351 

Piston rings, Teflon-based, 449 

——, wear of 456, 457, 525 

Plastic bodies, flow of, 350 

— deformation in metal cutting, study of, 355 

Plasticizers, effect on PVC conveyor belts, 264 

Plastics, sawing and machining glass-rein- 
forced —, 519 

—, wear resistance of, 458 

Polishing, aluminium and alloys, 518 

—, belt speed recommendations, 518 

—, new views, 267 

Polyamides, frictional properties, 264 

Polymethyl methacrylate, fracture phenom- 
ena and molecular weight, 462 

Porcelain enamels, abrasion tests for, 262 

Precision ceramics, lapping for, 268 

Predominant-peak surface roughness, 352 

Protective coatings, preparation by electro- 
phoresis, 266 


Radioactive copper, use on kinetic boundary 
friction machine, 173* 

— gears, wear studies with, 525 

— indicators, quantitative determination of 
wear of machine parts, 457 

— isotopes, measurement of engine wear, 525 

— —, measurement of piston ring wear, 456 

—-—, measurement of wear of machine parts 
262, 457 

— -—, measurement of wear of tools, 525 

— —, in metallurgy and metallography, 262 

— —, study of wear of blast-furnace brick 
work by, 517 

— —, used in wear tests, 272 

— methods in studying metallic transfer, 262 

— tracers, evaluation of piston ring wear, 457 

— —, surface studies and, 449 

— —, use in measurements of rate of die wear, 
262 

—  — used to study grinding ball wear, 517 

Radioactivated surfaces, study of die wear, 
525 

Reactors, corrosion and wear handbook for, 
352 

Refractories, protection by moving air cur- 
tains, 260 

Refractory linings, 265 

— materials, relation between modulus of 
elasticity and abrasion resistance, 205 

Reviews: 
Chemical engineering, 529 
Materials of construction, 362 
Platinum metals, 362 
Unit operations, 529 

Rheodynamic squeeze-film, 521 

Rinsing, abrasive effects of granulated mate- 
rials under —, 225* 

Roller bearings, 523 

— —, effect of aircraft gas turbine oils on 
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fatigue, 357 

— —, failure of a set of, 64* 

Rollers, lubrication of, 460 

Roll finishing, 268 

Rolling bearings, grease lubrication of 257, 351 

— —, service damage in, 524 

— contact bearings, 523 

— — —, use in low viscosity liquid metal 
lubricants, 255 

— friction, mechanism, 452 

— oils in the cold rolling test, 516 

Rubber, abrasion of, 384*, 458 

—, developments in physics of, 264 

—., friction of, 384*, 447 

—., friction in lubricated bearings, 447 

—., friction on rough surfaces, 254 


Sand erosion, wear of metals, 524 

Scoring, characteristics of 38 elemental 
metals in sliding contact with steel, 264, 458 

—, resistance of metals to, 260 

Scouring (see also Rinsing) 

—,a surface treatment, 268 

Scratch-line, events at a, 353 

Seizing, of bearings, 458 

—, prevention of, 453 

Shave-tuning, 356 

Shot blasting, mechanical descaling of wire 
rod by, 519 

— peening, 519 

Silicon carbide, nitride-bonded, 265 

— —, structure, properties and use, 522 

Silicones in metalworking, 522 

Silver electrodeposits, hardness of, 266 

Simulated gear-tooth contacts, experiments 
upon lubrication and subsurface deforma- 
tions, 359 

Sleeve bearings, failures and antidotes, 524 

— —, friction characteristics, 454 

— —, lubrication of, 352 

Slider-bearing lubrication, hydrodynamic 
theory of, 453 

— —, with transverse curvature, 521 

Sliding contact, chemical action on surfaces 
in, 73 

—, dry, abrasive effects of granulated mate- 
rials under, 225* 

—, effect of liquid atmosphere and tempera- 
ture on alloys under, 353 

—., electrical, apparatus for study, 452 

—, grain-boundary, contribution to total 
tensile elongation, 255 

—, —, relation during creep between sub- 
crystal size, extension and, 258 

—, metallic, surface damage in, 260 

— of metals in sodium, 523 

—, metal transfer in, 359 

— process, autocorrelation analysis of, 520 

—, wet, abrasive effects of granulated mate- 
rials under — —, 225* 

Slits, use of electrical discharge for cutting 
‘impossible’ —, 356 

Sodium, sliding contact of metals in —, 523 

Soft metals, cutting mechanism for, 356 
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Solid environments, effects on brittle fracture 
of zinc single crystals, 258 

Solid film lubricants, 256, 522 

— — —, behavior at high temperatures, 357 

— lubricants for parts working under condi- 
tions of dry friction, 522 

— surface films, 455 

Solids, adhesion of, 460 

—., friction of, 333* 

—, theory of surface friction of, 254 

Soluble oils, oxidation of components, 515 

SOS6-6, test results of new antifriction alloy, 
525 

Spark machining, use in the die-making in- 
dustry, 361 

Specimen size, importance in physical pro- 
cesses, 73 

Spheroidal cast iron, wear resistance, 525 

Sprayed metal coatings, developments, 266 

Spraywelding, 355 

Stability of air-lubricated hydrostatic thrust 
bearing, effect of several parameters on, 448 

Stainless materials, wear in high-purity water, 
359 

Standardization in the field of wear, 211* 

Steam, heat treatment with use of, 265 

— treatment, longer tool life by, 270 

Steel(s), antifriction, cast copper, 458 

—, brittle, distinguishing from tough steel, 
258 

—, carbon, wear resistance, 263, 450, 525 

—, chrome-moly, properties and wear resis- 
tance, 263 

—., effect of surface C concentration on wear 
and fatigue life, 266 

—., frictional heating and wear of, 360 

— grinding, metallic processes in, 355 

—, high-chromium, wear resistance, 263 

—., influence of different sulfur contents, 269 

— metallography, handbook of special, 263 

— mill, prevention of abnormal wear, 239* 

— — lubricants, additives in, 257 

—, reducing wear by use of sulfide-impreg- 
nated surfaces, 526 

—, resistance against cavitation erosion, 353 

— slabs, friction of, 351 

—, structural, effect of microstructure on 
machinability, 354 

— —, milling of, 459 

—, tendency to seize under friction, 260 

—, wearability, 260 

—, wear resistance of surfaces, 457 

—, wear of wearpact —, 263 

— wire, temperature measurements in draw- 
ing of, 257 

—, X-ray study of sulfurizing of, 450 

Stick-slip phenomenon, 460 

Strain, studies with Au samples, 261 

Stresses, internal — in hardened tool steels, 

518 

Submarine thermal reactor, materials devel- 
opment for, 457 

Sulfides, extreme-pressure lubricating prop- 
erties, 291* 
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Sulfidizing, influence on hardness, wear resis- 
tance and friction coeff., 267 

Sulfurizing, five-year review, 355 

— of steel, X-ray study, 450 

Surface coatings, testing the wear resistance 
of, 263 

— cooling, effects on boundary layer transi- 
tion, 446 

— damage, of 39 elemental metals in sliding 
contact with iron, 264, 457 

— — in sliding metallic contact, 260 

— deposits, measurement of thermal conduc- 
tivity, surface roughness and thickness, 518 

— fatigue, 137 * 

— film formation, 163 

— films, 428* 

— —, contact resistance and mechanical prop- 
erties, 453 

— —, critical thickness in boundary lubrica- 
tion, 523 

— —, polytetrafluoroethylene, wettability 
and friction, 161 

— finish, aspects in production and measure- 
ment, 268 

— friction in cold strip rolling, 453 

— grinding, determination of heat, 450 

— hardening, by high-frequency induction, 
266 

— —, application in European industry, 266 

— heating through thermal decomposition, 
517 

— layers, chemical analysis of — on metals, 
201 

— — of metals, residual stresses in, 456 

— —, microstructure of —on ferrous metals, 
2601 

— —, nature of polished, 267 

— —, residual stresses in, 260 

— roughness, measurement of, 353 

—  —, measurement of — of foils or surface 
deposits, 518 

— treatment of metals, importance of barrel 
burnishing, 451 

Surfaces, cleaning by ultrasonics, 519 

—, sulfide-impregnated, reducing frictional 
resistance and wear of steel, 526 

—, technical, testing problems of, 354 

—, X-ray study of various, 261 

Synthetic fibres, friction, lubrication and 
wear of, 5 * 


Teflon, bearing material, 522 

—, filled — for dry bearings, 454 

—., friction and wear, 71 

Thrust bearing, air-lubricated hydrostatic, 
effect of parameters on stability of, 448 

— —., tilting-pad, 522 

— —, water-lubricated, load capacity and 
friction tests of a, 257 

Tires, wear of, 261 

Titanium alloys, fretting fatigue strength of, 
449 

— —, grinding of, 458 

-—— —, inorganic grinding fluids for, 268 
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—, extrusions, 271, 527 

—, machining, 356 

Tool steels, effect of internalstresses in hard- 
ened — on development of grinding cracks, 
518 

— —, investigation of failures, 263 

Tools (see also carbide, ceramic and cutting 
tools) 

—, increase of life by steam treatment, 270 

—, lathe, 518 

—, machine, lubricants for, 522 

—, measurement of wear by radio-active iso- 
topes, 525 

—, sintered metal oxides as material for —, 
264 


—., test for life of —, 512* 

—, test for wear of, 354 

—, tungsten carbide, wear of, 270 

—, turning, determination of life, 269 

Torque abrasion machine, 450 

Transition resistance of copper and silver 
contacts, 260 

Tungsten carbide, apparatus for studying 
wear of, 491* 

— —, surface conditions during wear, a radio- 
isotope study, 528 

— —., transfer to soft metals during sliding, 
528 


Ultrafinishing, 451 

Ultrasonic impact grinding, 268 

— machining, advantages and limitations, 356 

— —, effect of pressure between tool tip and 
workpiece, 269 

— —, theory of, 270 

Ultrasonics, surface cleaning by, 519 


Vibration, relation between friction and, 447 
Visco-plastic lubricants, properties, 351 
Vitreous enamels, abrasion resistance tests for, 


449 


Wear,abrasive, 129*, 525 

—, —, and materials, 265 

—, —, resistance of carbon steels, 525 

—, —, resistance of cold-worked metals, 525 

—, adhesive, 121* 

—, —, effect at high contact pressure, 359 

—, apparatus for studying — of tungsten 
carbide, 491* 

— of blast furnace refractory material, 518 

— of case-hardened steel, 524 

—, comparison of chromium plate and cast 
iron, 360 

— of cutters, 459 

— in cylinder liners, 104* 

—, effect on several materials of sliding veloc- 
ity and temperature, 455 

—, effect of temperature and environment, 


431" 
— of electrical contacts, 367* 
—, electron microscope study, 354, 525 
— in engines, gears, etc., 441* 


544 SUBJECT INDEX 


— of engine valves, influence of temperature, 
2601 

— of finished concretes, 518 

—., fretting, 433* 

—, —, in mineral oil, 524 

—, influence of friction, 523 

—, fundamentals of, 259 

—, grinding ball — studied by radioactive 
tracers, 517 

— life of aluminium gears, 524 

—, mass and energy balance, 523 

— of materials, 259 

—, measurement of —on copper and bismuth, 
520 

—, mechanism of, 421*, 472* 

— of metals;-163, 317*, 449 

— — by sand erosion, 524 

— — under unlubricated conditions, 162 

—, metal transfer and, 456 

— by mutual rubbing of similar metals, 260 

—, papers on, 418*, 517 

— particles, effect at high contact pressure, 
359 

—, pitting, 437* 

—, predisposition of furnace lining to, 355 

—, prevention in early history, 155* 

— process, statistical analysis of, 353 

—, properties of 60:40 brass containing lead, 
264 

— protection by phosphating, 266 

—, radioactive measurements, 262 

—— i bLACEIS 457 

— resistance, 526 

— — of coatings, 526 

— — and chromizing, 266 

— —., effect of nitriding on, 267 
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— —, of hard-chromed drop forges, 362 

— —, improvement through non-electrolytic 
deposition of nickel, 266 

— —, influence of sulfidizing on, 267 

— — of nitrided chromium, 263 

—— of plastics, 458 

— —, porous chrome plating for, 526 

—  —, relationship between hardness and, 
260, 457 

— — selection of materials, 448 

— — of spheroidal cast iron, 525 

— — of steel bars withamounts of copper, 354 

— — of steel surfaces, 457 

— — of white iron with molybdenum, 354 

—, scuffing, 435* 

— by sliding friction, 456 

—, standardization in the field of, 211* 

—, studies with radioactive gears, 525 

—, surface conditions of tungsten carbide, 528 

—, test methods, 259, 271, 425* 

— of tires, 261 

—, types of, 119*, 259 

— by water and steam, 517 

Welding by friction, 447 

Wet abrasive cut-off, five faults and their 
correction, 526 

Wheel-to-rail adhesion, causes and improve- 
ment, 255 

Winding phenomena related to shafts and 
other rotating machine parts, 515 


Yield stress as factor in performance of 
greases, 256 

Zinc single crystals, effects of solid environ- 
ments on brittle fracture of, 258 

Zytel, bearing material, 522 
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